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Provide a partially fabricated semiconductor device 301

having a pattern of metai layers in a dielectric

| S
Pre-clean the device with plasma to remove ,
contaminants (optional) |

Contact the device with a nitrogen-containing reactant
to form a passivating layer of metal nitride within the top |
portion of a metal layer (optional) :
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307
Contact the device with a capping PSAB reactant to
form a capping PSAB layer
309
Contact the device with an encapsulating PSAB
reactant to form an encapsulating PSAB layer
[mo— = e e e e e - 311

. Contact the device with a pinning reactant to limit the |

. diffusion of non-conductive material into the depth of W
: the metal line, thereby forming a pinned PSAB layer

| (optional) )

I
l I
: Contact the device with H; in a plasma /
: (optional)
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Gy

" Provide a partially fabricated semiconductor device 301

having a pattern of metal layers in a dielectric

Pre-clean the device with plasma to remove :
contaminants (optional) !

TS [ ““““““““““““ 305
e

: Contact the device with a nitrogen-containing reactant E/

| to form a passivating layer of metal nitride within the top |

: portion of a metal layer (optional) !

Contact the device with silane without the use of
plasma

317

Contact the device with germane without the use of
plasma
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Contact the device with a pinning reactant to limit the

] |
E I
. diffusion of non-conductive material into the depth of :’//
| the metal line, thereby forming a pinned PSAB layer

| (optional) :

|
l |
: Contact the device with H; in a plasma :/
: (optional)
|




US 7,576,006 B1

Sheet 6 of 10

Aug. 18, 2009

U.S. Patent

E & 5 4 & k&
B F &k ke d
b FrrF A Ft Fr
* % 4 F F u x %k
F k4 4 & B E
# 4 2 4 K 3D
U B I B
"+ A FF F a3
¥ B FA & 4 % F R
& 3 « &+ & F & 3 F

!!.....5......&.2.......!!
[ I L I R R R )
*RE R F FE AR ARR
i.-..._i.g F e A} AFEIED
[ B ) " EEEEEEREEREE]
.Ii..-.l.4 B b & & & kW WA
> Fhp -

* N F K FW AN
¥yE4%4 8 3% RFFK

3

0

4

b W M o b ok

= v % w h g
s = % 3k &=
w ok bRk oEoEk
* " B ¥y
" & * 8 F =% b &
L B BE BE B R N BN
- a8 ¥ B EF TSN
L S L B
* " F$ MR " " AT
* £ & § ¥ F & &

L

40

N N
Pk E s B
+ B B A 4 4 & E &
"k rpEE A
b R bhop
A3 T % & & % A0E
L B B B O N
P 4+ kA F
* F 8 d F oA B & W
8 F koo
& F AR A A F A SAF A
A EER &8 ¥FLE NI BB
+ &k b b B Bk % E b @4 kit d

IR I K W ook &k By N o
F & & & & = W R B F 8 A R AeN

L I I ®FERE AFENAW
* & B BB "+ % F A JE K& 9
* * 4
= F b4 & %W
" n & &R "Nk
+« F FA & % F+®
" T+ 8 F BN
»> F B F A B B "B
B d 4B &k Bk
" FBE RN ER®
* 3 F E A B N K F

403

Figure 4A

E F ¥ & F B F F
d 3 & & J ok
L O N R
» % + & B & % 1 B
* % 2 &3 &k kW
[T T I R R
O I U R PR S

.t F Ry R
4 » & N & " N FW

401

Figure 4B

413

411

4

4D
413

FREANEED N

- & 8T ¥
LB N N A R

TR kT
* % % Fra

r o - B A

- A HY AR B AR 4 S H

.__5 N A R L EEE
" P R N
" % » KR L & B B ¥ B R

Fe W ks b

<t

PN Ny

L L3 N B 1 3 3 JFu
PR ARk

* % B F B B
Bk k43P
O A
LI T R,
T B N S
+ £ rp 24 %
I N
EE WA
* RN A REN
F F % 49 ¥
R R T
¥ F 4 4 W
L I I R ]
FAREAAS
' EEEEREK)

LSS IR AL ALY

(LS

¥
L
]
t
;
¥
¥
E
k
H
k
L]
k
i
¥
2
]

Fa

N " 0 o kR 3

.- ¥+ 4 2 F KRN

L 3 &+ F AT 3R

B = o+ 8wk FoEN

¢ B E Ao

gl v A m A kK % mow

B 4 % & & & & F K

t 4 @ T F N b @ '.__

"B EEERE:;

*» F % Ak Y P AR
u._..n-5 F PRI AFRARETD

L N B | [ I N B B BE B NN N N
AR N F kWA PR E RS

itia & &k oA kR
4 B R B & b % A A K kLD

4'14 A ¥+ FR &% KB F
L B B N

Py

[ A I
* r B A" 2w
e R T &
= % & » F & &
LI B AR I N
LK B B LN
4 7" E "R N T
LI B BRI
[ I I R I
& B & ETE R AN
4% % R A
[ T N T R O Y
d & & & & &4 §
koL oE A
B knd E

N
»
P
Cm
e
-1-.:
n
g
Pl
e
e
&
v
a'm
T
ik
"n
"
=
Py
H
=
T
1=

[
e at

!

L

[ ety AT ey L

403

401

403

401

3

411
0

4

L _BE B BN N .
"'*‘H..-.

Figure

01

4

WP EFFETEEETTTTLS TFFFESFTFTFENT.

L/

4C
413

LB B I I N T
- ol ok &Nk KSR
- =T E R TRy
&+ ¥R F TN N BAA G

3

415
0

Figure

1

Y Y Ha Mmoo T A T o

40

Figure 4F

Figure 4E



U.S. Patent Aug. 18, 2009 Sheet 7 of 10 US 7,576,006 B1

08
510

5
504 HFRF LFRF 902
\.J GENERATOR | | GENERATOR -’ ‘-

MATCHING X[
NETWORK
506
, — X[
510
|
Hh14 500
fwffﬂx

524

522
i 518 - 0
N ) X
E— e
520
-

Figure 5



U.S. Patent Aug. 18, 2009 Sheet 8 of 10 US 7,576,006 B1

613

601
\' 611




U.S. Patent Aug. 18, 2009 Sheet 9 of 10 US 7,576,006 B1

701
\' 717

719

723

721

Figure 7



U.S. Patent

CONCENTRATION (atoms/cc)

1E+23

1E+20

1E+19

1E+18

T W Al B R T ARG
e cleie hhle G el P
- g S R
e S PP g W el W W
il dml iy ol S Sy -
— e, wb = = o m
o s Nalk Sy S S e chie W
[F T TR TR T e
- -_—
.- [
! e | [ Baiel B
LEC A S

| Gl o B ] ]

i N S
e T gy

Ny,

- o vm .-

il B

- A

L
- g
hir o .

E R

Y a1

L L

iy whek, il gl

= e e e

T oL A e

[

| B

[ I )

TN

R .
W syl syt e

L F

. L
LT S

v aF T -

— e S

' yE I T 1
-l Nl A
o g Yy
I =iy ui e

Ay e el bl

Lol b R

e bl pedn

- A ipg

- -
o W

Aug. 18, 2009

il il g
e e mply Sgh

- e -

Hr —p i

L W o

L ]

L .1 K
g _my gy
™ ol e

i ol .-

(I I O O

w g i -

wh ekl bk -

A gk R

-— -
i .
b o

1

[ I B |

i I 2t i

[ 0 B b
L

L& & I |
Lol

gt § =

my wnh v e bl

L

- -
o
o i

4 s chue Wy

t YD

ek -aFial wrll

Lk B

L I 4

by P

iy - ny

L ]
b A B W

Wbl whgle iy o,

Py, wld -

L O

el ol -

i .
WE EgE E aPy
el Lk o

= o e

L

ik - h

b sl e

gy

- -

—
i e

& o ol oA

b )

1 431

I

ik g e w Ty
o e e A

i R BN

F = =

-

R e

L

Ay i iy o

L BN
gl B By
Y T
e e R

e by i iy
b i TR

e =
h B e ey

- s

P 1 iy

F i 134

§

ri1

.
L

b e i ek

s e

- -

- el ma el

W Aar Jag lin

-— e

A i v
i
iy
Ry T

[ o

= Nt

e e -

R e A

&4 L)
i nlls il v
mm alkal

1

LI

oy i gep L
e ey

m =smrim M

L e

- Ay b

=TT

ap— g g

- A Sy

LI I

(3 N I

Sheet 10 of 10

o we
= ol el g

Al i e R

W S S W

e T

1™ !/‘--.

L N R N ]
- g e s
g Ry

Ll

=

ol

-

-

iy s arly o= =l

L - r B

iy mp

1000
Depth (A)

kil
Wy o= e
F K N B B B
r e 5 ]
e Wl —
- L

— - .

—p el wlf

ol il ke
el g sy
B kg

- vwm .
ur= vl

-k
-
L T

¥ i ol = w = A

- oligh e e oy - eage

W HE B b A oAl e

Ta->"

FTY TRy T T TRAF S |

Figure 8

Féinith

i

e e e
i ik sk

LY A

ek

.

Lol ol I ]

ik sy =y b

iy s

Wi gl gl

g gy

- A

L B N

Fin
Fi1121

1200

v 220

FLIIE

| Y
Bl ", -

- mis e

o el uk s

A o B

A T

- - -
"R Ny R
L L L

=¥ avin -

EFEXTHF
E1 ash

A e by W

ik el gl gy

- AN

e by

LI

|

-

- S -

ik e, A

wi il Yl "w

- g el

-
A e g -
L K L L

e b ]

W ol g sk

e gl Naln why

W s A B

L

ST TR
. gy
L ]

ol el e

17 it

I -

L.y R 1
HE - milll o
win b= dpe wm

- Wi dm

LI

LN B N

i okl ol
[ S

LR I R ]

O e W

e pl Sy

- 1 "

By M w™

ik R

- mpy =py. wy
FE ST Y
i gely pln wF
o

~- Bl gl ek

FOT

iy ey gk

vy ply s -

—mp g gl

-
L
FRTy TE)
o e P

-

e el S W

N A
o

g

dn mik ok =

: 4 b1

+

¥ 3 &

140D

= e B Ed
- el g~

-

Py 1

ik il o W

aiET™——-

L X I}
A gl e
R )

B e ol B

e i S

(I

i i

Ay oy g

- i wt

i e ol

- -
gl
wl T o nle
B dem ey e

=1 B

- cEE e - R

il e o A

ol e g

- -
- m Em M W
- m ok o g
[ O THGE N
L e & ]
- ek ol B
LE S O B
+ wln rm o o

R T

L F 8
A e A
- gy iy gl

[T

Fi kTR

1600

s e

el -

A e

- g
e B =
i g

A el
= AT

- gk gt .

b dr e =l

= sigl gl =

i W il ki
i el il g
- api il

wny o mi -

US 7,576,006 B1

IR

ta0ri

" s i1

L

s T
" T

el . Sy

= - T

ke il o

e g ke

[ - F 3

e ey o

Wl By

Ll L
e
B e L

T By
* T =

A Tk Wil alln

L ]

M B

e ik e B
5 i
o Al gl min

L L= O B

1800

L R L
nliey wph b i

Lol ol

Lo ol

1

e ——

nin s e .

i
e i
L

-y

all vy dm

i

e - wm ap

L L B ]

-y =y
[

- .-
L ]

Lol

=

L33

i nppr

s = s
L
L k% 8

ey

L I N

¥
F X Frud

LI B N I |

e ol wh

I A |

i

R 40 HEN

-1

1E+Q6

1E+Q5S

1E+04

1E+03

1E+Q2

1E+01

1E+00

2000

Counts Per Second



US 7,576,006 Bl

1

PROTECTIVE SELF-ALIGNED BUFFER
LAYERS FOR DAMASCENLEL
INTERCONNECTS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a continuation claiming priority from
U.S. patent application Ser. No. 11/726,363, titled “Protec-
tive Self-aligned Bufler Layers for Damascene Intercon-
nects” filed Mar. 20, 2007, naming Yu et al. as inventors,
which 1s a continuation-in-part claiming priority from U.S.
patent application Ser. No. 11/709,293, titled *“Protective
Self-aligned Buifler Layers for Damascene Interconnects”
filed Feb. 20, 2007, naming Chattopadhyay et al. as inventors,
which 1s a continuation-in-part claiming priority from U.S.

patent application Ser. No. 10/980,076 filed Nov. 3, 2004,
now U.S. Pat. No. 7,396,759 titled “Protection of Cu Dama-
scene Interconnects by Formation of a Self-aligned Buiffer
Layer,” naming van Schravendijk et al. as inventors, which
are mcorporated herein by reference in their entirety and for

all purposes.
FIELD OF THE INVENTION

The present invention pertains to methods of forming lay-
ers ol material on a partially fabricated integrated circuait.
Specifically, the invention pertains to methods for forming
capping and encapsulating protective self-aligned butfer
(PSAB) layers for use 1n Damascene interconnects.

BACKGROUND OF THE INVENTION

Damascene processing 1s a method for forming metal lines
on integrated circuits. It imnvolves formation of inlaid metal
lines 1n trenches and vias formed in a dielectric layer (inter
metal dielectric). Damascene processing 1s often a preferred
method because 1t requires fewer processing steps than other
methods and offers a higher yield. It 1s also particularly well-
suited to metals such as copper that cannot be readily pat-
terned by plasma etching.

In a typical Damascene process flow, metal 1s deposited
onto a patterned dielectric to fill the vias and trenches formed
in the dielectric layer. The resulting metallization layer is
typically formed either directly on a layer carrying active
devices, or on alower lying metallization layer. A thin layer of
a dielectric diffusion barrier material, such as silicon carbide
or silicon nitride, 1s deposited between adjacent metallization
layers to prevent diffusion of metal into bulk layers of dielec-
tric. In a typical itegrated circuit (IC), several metallization
layers are deposited on top of each other forming a stack, 1n
which metal-filled vias and trenches serve as IC conducting
paths. The conducting paths of one metallization layer are
connected to the conducting paths of an underlying or over-
lying layer by a series of Damascene interconnects.

Fabrication of these interconnects presents several chal-
lenges, which become more and more significant as the
dimensions of IC device features continue to shrink. Cur-
rently, at the 90 nm technology node and at more advanced
nodes, there 1s a strong need for interconnect fabrication
methods that can provide interconnects with improved life-
time and reliability.

SUMMARY OF THE INVENTION

To address these needs, IC devices having interconnects
with protective self aligned buifer (PSAB) layers are pro-
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vided. Methods of forming capping and encapsulating PSAB
layers during IC device fabrication are also described herein.
Capping PSAB layers are layers of material that are selec-
tively formed at the surface of metal layers of a partially
fabricated semiconductor device. Encapsulating PSAB lay-
ers are layers of matenal that are formed such that the metal
layer 1s encapsulated by the PSAB matenal, e.g., the PSAB
layer lines the top, bottom, and side portions of metal-filled
vias and trenches and resides at the interfaces between the
metal and the surrounding diffusion barrier layers. Advanta-
geously, provided methods allow formation of encapsulating
PSAB layers by treating the metal-filled recesses, rather than
by pre-depositing a lining matenial before the metal fill 1s
formed. These methods make use of high mobility of certain
PSAB materials within the metal-filled Damascene intercon-
nects.

PSAB layers may be capable of improving several proper-
ties of Damascene interconnects. For example, a PSAB layer
may promote improved adhesion between a metal layer and
an adjacent dielectric diffusion barrier layer. Further, PSAB
layers can protect metal surfaces from madvertent oxidation
during fabrication processes. PSAB layers, especially certain
encapsulating PSAB layers can lead to a decrease in metal
clectromigration during end use of a semiconductor device.
Methods of forming PSAB-containing interconnects having
reduced stress migration parameters are also provided. Cap-
ping and encapsulating PSAB layers may comprise different
PSAB materials, and, according to some embodiments, may
be used 1n concert. For example, one interconnect can com-
prise both a capping and an encapsulating PSAB layer. Dii-
ferent combinations of PSAB materials can be used for
achieving optimal interconnect performance with respect to
adhesion, electromigration, and stress migration parameters.

In some embodiments, a capping PSAB layer 1s formed
entirely within the top portion of a metal layer, such that 1t 1s
substantially at the same level as the plane of a dielectric field
region adjacent to the metal layer. This can be accomplished
by chemically transforming exposed metal atoms to a desired
material. For example, Cu can react with SiH, to form a thin
capping PSAB layer of Cu, S1, within the top portion of metal
layer. In the case of an encapsulating layer, the PSAB material
can also reside entirely within the metal line, without extend-
ing higher than the level of surrounding dielectric. The encap-
sulating PSAB layer, 1n addition to the portion formed at the
exposed metal surface, also comprises a portion formed
within an unexposed surface of the metal, e.g., at the bottoms
or sidewalls of metal-filled vias and trenches. In one example,
Cureacts with GeH, to form a mobile germanium-containing
material that can migrate within the metal-filled recesses and
form an encapsulating PSAB layer at the top, bottom, and
sidewall portions of recesses.

While the PSAB layers generally increase resistance of
interconnects, such resistance shift can be efficiently con-
trolled. In one embodiment, resistance shift can be controlled
by using PSAB materials with relatively low resistivity, such
as germanmum-containing materials. These materials can be
used either alone or 1n concert with other PSAB materials
having higher resistivity, such as silicon-containing materi-
als. For example, silicon-containing materials, such as Cu, -
S1,, Si,N_, S1,C,, can provide improved adhesion of metal
layers to dielectric diffusion barrier, while germanium-con-
taining materials can improve electromigration performance
and decrease the resistance shift of an interconnect. Both
materials can be used in PSAB layers having optimized per-
formance, according to some embodiments.

Further, 1n some embodiments, thickness of PSAB layers,
and, consequently, resistance of an interconnect can be con-
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trolled by partially passivating exposed metal surfaces, prior
to formation of the PSAB layer. Such passivation can be
accomplished by, for example, controllably reacting surface
metal atoms with a nitrogen-containing compound (e.g.,
NH,) to form a metal mitride. Such passivation depletes the
amount of metal atoms (1n a zero oxidation state) that are
available for reaction to form the PSAB layer, and, conse-
quently, controls the thickness of the PSAB layer and resis-
tance of an mterconnect.

In some embodiments, resistance of interconnects 1s con-
trolled by a “pinning” operation which serves to limit the
diffusion of non-conductive species into the metal line. In
some embodiments, “pinning” comprises chemically trans-
forming the exposed portion of the capping or encapsulating
PSAB layer as well as transforming intermediates and by-
products of PSAB forming reactions to form a thin layer of
dielectric material, such as S1 N, 81 C , at the interface
between the metal layer and a layer of dielectric diffusion
barrier material. “Pinming” can also be performed on an
exposed combination layer of the encapsulating and the cap-
ping PSAB layers. For example, the pinned exposed PSAB
layer may comprise mixtures of Ge C, Ge N, S1, N, and
S1,C,. The described layers are referred to as “pinned PSAB
layers”. The dielectric material of the pinned PSAB layer may
or may not have metal (e.g., Cu) dissolved within i1t and
therefore 1n some embodiments could have small amount of
conductivity. In some embodiments, pinned PSAB layer
includes some unmodified material of the first-formed PSAB
layer, such as Cu, 51, Cu,Ge,, etc.

In some embodiments, PSAB layers have a graded com-
position, with concentration of PSAB material gradually
decreasing as the distance from the interface with the difiu-
s1on barrier increases. Thus, according to some embodiments,
PSAB layers may be viewed as layers of metal impregnated
with a PSAB material (e.g., with a matenal selected from the
group consisting ot Cu,S1,, Cu, Ge,, SI,N,, S1.C,, Ge N,
Ge,C,) at an interface with a dielectric diffusion barrier,
where concentration of the PSAB material 1s gradually
changing with the distance from the diffusion barrier. The
encapsulating PSAB layer, located within unexposed por-
tions of the metal line can also have graded composition. For
example, concentration of germanium-containing compound
can gradually decrease as the distance from a Ta diffusion
barrier or from a dielectric diffusion barrier increases within
a metal line.

In one aspect, a method of forming a protective layer of
material on or within an exposed metal surface of a partially
tabricated semiconductor device 1s provided. For example,
the method can be practiced on a substrate having metal lines
comprising a metal fill located 1n a Damascene region of the
partially fabricated device. The substrate, in some embodi-
ments, 1s received after a chemical mechanical polishing
(CMP) operation and has a planarized surface.

In one operation of an embodiment of the provided
method, the substrate having a pattern of exposed metal lines
in a layer of dielectric 1s contacted with a capping PSAB
reactant, such that the capping PSAB reactant reacts with
metal atoms of the metal lines and chemically transforms an
exposed portion of the metal 1nto a capping PSAB layer. For
example, the substrate having exposed copper lines may be

contacted with a gas or a vapor selected from the group
consisting of SiH,, PH,, B, H., AsH,, CH,, C H , H,S, H,Se,

H,Te or mixtures thereof. A layer comprisin% a material
selected from the group consisting of Cu,S1,, Cu, P, Cu B,
Cu,As,, Cu C, CuS,, Cu,Se,, Cu, le, and mixtures thereot
can be formed within the exposed portion of the metal line. In

particular embodiments, silicon-containing compounds, such
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as S1H, are used to form the Cu,S1, capping PSAB layer. In
another operation of the described method the substrate 1s
contacted with an encapsulating PSAB reactant, such that the
encapsulating PSAB reactant forms an encapsulating PSAB
layer at least within the exposed and within unexposed por-
tions of the metal lines. Germanium-containing compounds,
such as GeH_, can be used as encapsulating PSAB reactants. It
was unexpectedly discovered that germanium-contaiming
materials can readily migrate within metal portions of Dama-
scene interconnects and can form encapsulating PSAB lay-
ers, 1n which germanium-containing material is present both
at the top and at the bottom interfaces of the metal-filled vias.
Such PSAB layers may contain, e.g., Cu,Ge,.

In one embodiment, the formation of the capping PSAB
layer 1s performed prior to the formation of the encapsulating
PSAB layer. For example, the partially fabricated device 1s
first treated with silane to form the capping PSAB layer,
followed by germane treatment to form an encapsulating
PSAB layer.

Formation of capping and encapsulating PSAB layers 1s
typically performed without the use of plasma. Conditions are
adjusted such that the PSAB layers selectively form at the
metal surfaces, with no accompanying deposition or modifi-
cation occurring elsewhere on the substrate. Thus, dielectric
regions are typically not affected during PSAB-forming
operations.

In some embodiments, the capping and encapsulating
PSAB layers reside entirely within the metal layer. The thick-
nesses of the PSAB layers can range, for example, between
10-1000 A. In certain embodiments, PSAB layers having a
thickness ranging between about 10-60 A can be formed in a
controlled fashion.

The PSAB-forming method described above can be
complemented by a number of additional operations.

In some embodiments, the substrate received after a CMP
operation 1s pre-heated to remove organic contaminants
remaining from a CMP operation. Further, 1n some embodi-
ments, a plasma pre-clean 1s performed to remove metal
oxides and other contaminants from the wafer surface.
Plasma comprising a reducing gas, such as NH, or H, can be
used during pre-clean.

Some embodiments include a passivation operation, per-
formed prior to formation of the capping PSAB layer. In one
embodiment, a nitrogen-containing passivating reagent, e.g.,
NH,;, contacts the partially fabricated device and interacts
with an exposed metal surface to form a metal nitride, e.g.,
Cu,N,, at the surface of the metal layer, thereby passivating
metal surface to a subsequent PSAB-forming reaction and
leading to improved control over the resistance shift of the
formed PSAB layers.

In some embodiments, pinning operation i1s performed
aiter the formation of the capping and encapsulating PSAB
layers. In a pinning operation, the substrate 1s contacted with
a pinning reactant. The pinning reactant chemically trans-
forms products and intermediates generated during formation
of the capping and encapsulating PSAB layers into a material
that does not readily diffuse into the depth of the metal layer.
In some embodiments the pinning operation 1s performed in a
plasma. Suitable pinning reactants include gases or vapors
selected from the group consisting of N,, NH,, a hydrocar-
bon, a gas from the family of methyl-substituted silanes, a gas
from the family of methyl-substituted amines, hexamethyld-
1silazane, and mixtures thereof.

In some embodiments pinning 1s performed by contacting,
the substrate with a process gas comprising a hydrocarbon in
a plasma. Hydrocarbons, as used herein, are defined as com-
pounds with C H, composition, which may be optionally
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substituted with heteroatoms, such as S, N, P, etc. Hydrocar-
bons, as used herein include acyclic and cyclic alkanes, alk-
enes, alkynes, as well as amines, mercaptans, thioethers and
organic phosphines. Examples of hydrocarbons that do not
include heteroatoms and that can be used as pinning reactants
are methane, ethane, ethylene, acetylene, propane, propene,
propyne, cyclopropane, cyclobutane, butanes, butenes,
butynes, and benzene.

In some embodiments, pinning 1s performed by contacting,
the substrate with a pinning reactant concurrently with H, in
a plasma.

In some embodiments, H, plasma post-treatment can be
performed 1n lieu of the pinning operation or subsequent to
pinning. Treatment of the substrate with a hydrocarbon
plasma and/or with H, plasma was found to be associated
with 1mproved stress migration performance of intercon-
nects.

Formation of the capping and encapsulating PSAB layers
as well as the additional operations described above can be
performed 1n a variety of types of apparatus. For example,
different types of CVD apparatus may be employed. In some
embodiments, all of the described operations are performed
in the same apparatus, e.g., 1n a plasma enhanced chemical
vapor deposition (PECVD) apparatus. In some embodiments,
a multi-station apparatus 1s used to implement the described
methods. It1s also possible to perform the PSAB process in an
apparatus having multiple chambers.

In some embodiments, at least two operations of those
described above are performed 1n different stations or differ-
ent chambers of a multi-station or a multi-chamber apparatus.
For example formation of the capping and encapsulating lay-
ers can be performed at one station or chamber, while the
pinning operation can be performed under a different tem-
perature regime 1n a different station or chamber.

It 1s desirable that all of the operations of the PSAB pro-
cess, which may include pre-heating, pre-cleaning, passiva-
tion, formation of capping and encapsulating PSAB layers,
pinning, and H, plasma post-treatment are carried out 1n one
apparatus, without exposing the substrate to ambient atmo-
sphere contamning moisture and oxygen. For example, a
multi-station or a multi-chamber CVD (e.g., PECVD) appa-
ratus may be used.

In some embodiments, process conditions for the opera-
tions of the PSAB process include temperature ranging from
about 20° C. to about 500° C., pressure ranging from about 10
mTorr to 100 Torr, reactant flow rates of about 0.001 sccm-
10000 sccm and reactant exposure times of about 0.5-5000
seconds.

It 1s understood that conditions used for particular opera-
tions of the PSAB process may differ for different operations.
Each operation of the PSAB process may be performed at 1ts
own station or chamber of an apparatus providing the neces-
sary conditions, or several operations may be performed at
one station or chamber.

Typically, deposition of the diffusion barrier layer 1s per-
formed after the PSAB-forming process 1s completed. In
some embodiments, deposition of metal capping layers 1s
performed after the PSAB-forming process 1s completed, but
prior to deposition of a dielectric diffusion barrier. Deposition
of metal caps (e.g., tungsten or cobalt caps) can be performed
using metal halides and organometallic compounds as pre-
cursors, and can be carried out in the same apparatus used for
the PSAB-forming process, and for the dielectric diffusion
barrier deposition. For example, a multi-station or a multi-
chamber PECVD apparatus may be used.

In some embodiments, deposition of a dielectric diffusion
barrier layer 1s performed at a higher temperature than the
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treatment ol a substrate with the capping and encapsulating
PSAB reactants. Thus, 1n the multi-station and 1n multi-
chamber tools these operations can be performed at different
stations or chambers operating in different temperature
regimes.

In another aspect, a semiconductor device having at least
one interconnect 1s provided. The interconnect comprises a
germanium-containing encapsulating PSAB layer, wherein
the encapsulating layer surrounds a layer of metal, e.g., a
copper line. In some embodiments, the germanium-contain-
ing layer comprises a material selected from the group con-
sisting of Cu, Ge , Ge N, Ge, C, and mixtures thereof.

In yet another aspect, an apparatus for forming a protective
self aligned butler layer within a metal layer 1n a partially
tabricated semiconductor device 1s provided. The apparatus
includes a process chamber having an inlet for introduction of
reactants; a waler support for holding the wafer i position
during formation of the protective self aligned butlfer layer;
and a controller comprising program instructions for: (1) con-
tacting the partially fabricated semiconductor device with a
capping PSAB reactant, to selectively transform the top por-
tion of the metal layer mto a capping PSAB layer; and (11)
contacting the partially fabricated semiconductor device with
an encapsulating PSAB reactant, to form an encapsulating
PSAB layer at least within the top and bottom portions of the
metal layer.

These and other features and advantages of the present
invention will be described 1n more detail below with refer-

ence to the associated drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A-1E show cross sectional depictions of device
structures created during a copper dual Damascene fabrica-
tion process.

FIGS. 2A-2B show cross sectional depictions of partially
tabricated device structures 1llustrating encapsulating PSAB
layers.

FIGS. 3A-3B present example process flow diagrams of a
PSAB-forming process according to some embodiments pro-
vided herein.

FIGS. 4A-4F show cross sectional depictions of device
structures created during formation of a PSAB layer, accord-
ing to some embodiments.

FIG. 5 1s a schematic representation of a PECVD apparatus
capable of using low frequency (LF) and high frequency (HF)
radio frequency plasma sources that can be used for forming
PSAB layers 1n accordance with some embodiments of
present invention.

FIG. 6 1s a schematic representation of one example of a
multi-station apparatus suitable for forming PSAB layers in
accordance with some embodiments of present invention.

FIG. 7 1s a schematic representation of another example of
a multi-station apparatus suitable for forming PSAB layers 1n
accordance with some embodiments of present invention.

FIG. 8 1s an experimental diagram, 1llustrating a Secondary
Ion Mass Spectroscopy (SIMS) data for an interconnect fab-
ricated according to a method described herein.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

Introduction and Overview

Formation of PSAB layers 1n interconnects will be 1llus-
trated 1n the context of a copper dual Damascene processing.
It 1s understood, that methods disclosed herein can be used in

other processing methods, including single Damascene pro-
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cessing, and can be applied to a variety of metals beyond
copper. For example, these methods can be applied to gold
and silver-containing interconnects.

Presented in FIGS. 1A-1D, 1s a cross sectional depiction of
device structures created on a semiconductor substrate at
various stages of a dual Damascene fabrication process. A
cross sectional depiction of a completed structure created by
the dual Damascene process 1s shown 1n FIG. 1E. “Semicon-
ductor substrate” as used 1n this application 1s not limited to
the semiconductor portions of an IC device, but 1s broadly
defined as a semiconductor-containing substrate. Referring to
FIG. 1A, an example of a partially fabricated IC structure,
100, used for dual Damascene fabrication 1s 1llustrated. Struc-
ture 100, as 1llustrated 1n FIGS. 1A-1D, 1s part of a semicon-
ductor substrate, and, 1n some embodiments, may directly
reside on a layer containing active devices, such as transistors.
In other embodiments, it may directly reside on a metalliza-
tion layer or on other layers that incorporate conductive mate-
rials, e.g., layers containing memory capacitors.

A layer 103 1llustrated 1n FIG. 1A 1s a layer of inter-metal
dielectric, which may be silicon dioxide but 1s more typically
a low-k dielectric material. In order to mimimize the dielectric
constant of the inter-metal dielectric stack, materials with a k
value of less than about 3.5, preferably less than about 3.0 and
often as low as about 2.8 are employed as inter layer dielec-
trics. These materials include but are not limited to fluorine or
carbon doped silicon dioxide, organic-containing low-k
materials and porous doped silicon dioxide materials known
to those of skill 1n the art. Layer 103 1s etched with line paths
(trenches and vias) 1in which a partially conductive metal
diffusion barrier 105 1s deposited, followed by 1nlaying with
copper conductive routes 107. Because copper or other
mobile conductive material provides the conductive paths of
the semiconductor substrate, the underlying silicon devices
and dielectric layers proximate to metal lines must be pro-
tected from metal ions (e.g., Cu™") that might otherwise dif-
tuse or drift into the silicon or inter-layer dielectric and result
in degradation of their properties. Several types of metal
diffusion barriers are used in order to protect the dielectric
layers of the IC device. These types may be divided ito
partially conductive metal-containing layers such as 105 and
dielectric barrier layers which will be described in further
detail with reference to FIG. 1B. Suitable materials for par-
tially conductive diffusion barrier 105 include matenials, such
as tantalum, tantalum nitride, titanium, titanium nitride and
the like. These are typically deposited onto a dielectric layer
having vias and trenches by a PVD, CVD or an ALD method.

Copper conductive routes 107 can be formed by a number
of techniques, including PVD, electroplating, electroless
deposition, CVD, etc. In some implementations, a preferred
method of forming a copper fill includes depositing a thin
seed layer of copper by PVD and subsequently depositing
bulk copper fill by electroplating. Since copper 1s typically
deposited with overburden residing in the field region, a
chemical mechanical polishing (CMP) operation 1s needed to
remove the overburden and to obtain a planarized structure
100.

Next, referring to FIG. 1B, after the structure 100 has been
completed, the surface of the substrate 100 1s pre-cleaned to
remove contaminants and metal oxide. After the pre-clean,
capping PSAB layers 108 are formed within the top portions
of metal lines 107. Capping PSAB layers are 1llustrated 1n
FIGS. 1B-1E for clanty. In some embodiments, encapsulat-
ing PSAB layers may be formed in lieu of or in concert with
the capping PSAB layers. Composition of capping and encap-
sulating PSAB layers and methods of forming them will be
described in the following sections in detail. In some embodi-
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ments, CVD-deposited metal caps (not shown), such as tung-
sten caps, are selectively formed at the top portions of the
metal lines after the PSAB layers are formed.

As depicted 1n FIG. 1B, a diffusion barrier film 109 1s
deposited on top of the PSAB layers 108 and on top of a
dielectric layer 103 to encapsulate conductive routes 107. The
dielectric diffusion barrier film may also serve as an etch stop
during subsequent Damascene processing. In contrast to par-
tially conductive barrier 103, film 109 should be non-conduc-
tive and should pretferably have a low dielectric constant.
Preferably maternials with a dielectric constant of less than
about 6, e.g., with a dielectric constant of lower than about 4
are used for a diffusion barrier film 109. Film 109 should also
cifectively prevent diffusion of metal into the dielectric layer
and should provide etch selectivity when used as an etch stop.
Conventionally, silicon nitride, and nitrogen-doped silicon
carbide (NDC) were used for this application. Currently,
materials with lower dielectric constants than silicon nitride
are olten used for this application. These materials include
carbon-rich silicon carbide materials, such as those described
in commonly assigned U.S. patent application Ser. No.
10/869,474 by Yu et al., filed on Jun. 15, 2004; boron-doped
s1licon carbide materials described 1n U.S. patent application
Ser. No. 10/915,117 by Yuetal., filedon Aug. 9,2004; in U.S.
patent application Ser. No. 11/373,84°7 by Yu et al. filed on
Mar. 8, 2006; and oxygen-doped silicon carbide materials,
¢.g.,described in U.S. Pat. No. 6,855,645 by Tang et al. 1ssued
on Feb. 15, 2005. Further, bi-layer and tri-layer configura-
tions can be employed for the diffusion barrier 109. Examples
of suitable bi-layer and tri-layer barrier films are described,
for example, 1n the previously cited U.S. patent application
Ser. No. 10/869,474; Ser. No. 10/915,117; and 1n U.S. patent
application Ser. No. 11/710,632 by Yu et al., filed on Feb. 22,
2007. All patent applications mentioned in this paragraph are
hereby incorporated by reference for all purposes.

The diffusion barrier film can be deposited on a semicon-
ductor substrate by a variety of CVD-type methods. For
example, plasma enhanced chemical vapor deposition
(PECVD) may be used. In some embodiments, PECVD hav-
ing a low frequency plasma component, provided by low
frequency radio-frequency (LF RF) power source, 1s used for
diffusion barrier deposition.

Referring again to FIG. 1B, a first dielectric layer, 111, of
a dual Damascene dielectric structure 1s deposited on a dii-
fusion barrier 109. This 1s followed by deposition of an etch
stop film 113 by a PECVD method on the first dielectric layer
111. The dielectric layer 111 1s typically composed of low-k
dielectric materials such as those listed for a dielectric layer
103. Note that layers 111 and 103 need not necessarily have
identical composition. Similarly, etch stop layer 113 may or
may not have an identical composition to layer 109.

The process follows, as depicted in FIG. 1C, where a sec-
ond dielectric layer 115 of the dual Damascene dielectric
structure 1s deposited 1n a similar manner to the first dielectric
layer 111, onto an etch-stop film 113. Deposition of an anti-
reflective layer (not shown) and a CMP stop film 117 follows.
Second dielectric layer 115 typically contains a low-k dielec-
tric material such as those described above for layers 103 and
111. A CMP stop film 117 serves to protect the delicate
dielectric material of inter-metal dielectric (IMD) layer 1135
during subsequent CMP operations. Typically, a CMP stop
layer 1s subject to similar integration requirements as a difiu-
s1on barrier and etch stop films 109 and 113, and can similarly
be composed of materials described for layer 109.

The dual Damascene process continues, as depicted 1n
FIGS. 1D-1E, with etching of vias 119 and trenches 121 in the

first and second dielectric layers. Standard lithography tech-
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niques are used to etch a pattern 1illustrated 1in FIG. 1D. A
trench-first or a via-first methods well known by those of skall
in the art may be employed.

Next, as depicted in FIG. 1E, these newly formed vias and
trenches are, as described above, coated with a metal diffu-
sion barrier 123, which may contain barrier materials, such as
tantalum, tantalum nitride or other materials that effectively
block diffusion of copper atoms 1nto the dielectric layers.

After the diffusion barrier 123 has been deposited, a seed
layer of copper 1s applied (typically by a PVD process) to
enable subsequent electrofilling of the features with copper
inlay. The copper layer 1s deposited by electrofill and excess
metal deposited 1n the field 1s removed 1n a CMP operation,
performed such that CMP stops at the CMP stop film 117.
FIG. 1E shows the completed dual Damascene process, 1n
which copper conductive routes 124 and 125 are inlayed
(seed layer not depicted) into the via and trench surfaces over
barrier 123. A PSAB layer, analogous to a PSAB layer 108
can be the formed within the top portion of the metal 1111 125,
and a next metallization layer may be deposited on top of the
device structure shown 1in FIG. 1E, if needed.

FIG. 1E depicts three Damascene interconnects, 1n which
metal layer 107 1s connected with metal layer 124 of an
overlying metallization layer. The role of the capping PSAB
layer 108 1n these interconnects will be presently described.

The PSAB layer 108 serves as a protective bufler between
the metal layer 107 and a dielectric diffusion barrier layer
109. First, the PSAB layer protects the metal layer 107 from
inadvertent oxidation. When no PSAB layer 1s formed, cop-
per surface can be oxidized to copper oxide during inadvert-
ent exposure to oxygen or moisture 1n the course of device
fabrication or during end use of the device. Formation of
metal oxide 1s typically highly undesirable since it increases
resistance of interconnects, and, further, commonly leads to
formation of voids in the imnterconnect structure. Formation of
voids 1n the copper conductor 1s detrimental to the IC device
and should be avoided when possible. While dielectric difiu-
sion barriers, such as 109, protect the metal lines to some
extent from moisture and/or oxygen during end use, 1t should
be noted that not all diffusion barrier maternials are suificiently
hermetic to provide such protection. Further, exposure of
metal layer to atmospheric moisture and oxygen may occur
during fabrication of an IC device. In some implementations,
Damascene processing may require operations that involve
opening of metal layer to an ambient environment containing
moisture and oxygen. For example, when no PSAB layer 1s
present, metal layer 107 1s commonly exposed to atmosphere
after the vias and trenches are cut 1n a dielectric as shown 1n
FIG. 1 D.

Next, in some embodiments, PSAB layers can diminish
clectromigration at the interface between copper lines, and
dielectric diffusion barrier. It has been found that this inter-
face 1s the most likely point of failure during line current
stress. Whereas the electromigration resistance of copper 1s
high enough to sustain the wear-out 1n normally designed
conductor lines, defect-induced electromigration failures
have been observed at the interface between the copper and
dielectric barrier layer. For mstance, wherein copper oxides
or hydroxides have been undesirably formed at such inter-
faces, voids will be formed in the copper layer, which
adversely affect electromigration characteristics of such cop-
per mterconnects. Understandably, current density in these
regions 1s considerably high during actual use, thereby caus-
ing defect-induced electromigration failure of such intercon-
nects. PSAB layers protect metal layers from formation of
defects, and thereby improve electromigration properties of
interconnects.
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Further, PSAB layers can provide improved adhesion
between metal layers and diffusion barrier layers. Adhesion
of metal to a barrier layer 1s an important characteristic of a
copper interconnect. Poor adhesion may result in imnsuificient
hermeticity of diffusion barrier layer and can lead to delami-
nation of the diffusion barrier layer from an underlying met-
allization layer. Ultimately, such delamination may lead to
failure of an interconnect. Generally, as the dielectric constant
of diffusion barrier material decreases, 1ts adhesion to an
underlying metal layer becomes weaker. This 1s especially
true for diffusion barrier materials having high content of
organic residues, such as alkyl groups, carbon-carbon bonds,
etc., which generally hinder adherence to metal layers. Fur-
ther, referring to barrier film stress characteristics, many bar-
rier materials having low dielectric constants, form films that
are not suiliciently compressive to efifect good adhesion to
metal layers. With these challenges 1n mind, it 1s often desir-
able to use PSAB layers to strengthen adhesion between
metal layers and diffusion barrier layers with low dielectric
constant. In some embodiments, it may be particularly advan-
tageous to use PSAB layers adjacent diffusion barrier layers
with a dielectric constant less than about 4.0, e.g., about 3.5.
In other embodiments, PSAB layers may be used adjacent
dielectric barrier layers with higher dielectric constant.

In a preferred embodiment, PSAB layers are formed selec-
tively at the exposed surface of metal layers, such that other
exposed materials on the substrate surface are not atfected.

The functions of PSAB layers described above apply for
capping PSAB layers illustrated in FIGS. 1B-1E as well as for
encapsulating PSAB layers 1llustrated in FIGS. 2A-2B. It 1s
understood, that capping and encapsulating PSAB layers hav-
ing different compositions may have different functions, and,
in some embodiments, both capping and encapsulating PSAB
layers may be used 1n concert 1n one iterconnect in order to
achieve desired performance. In other embodiments, how-
ever, an interconnect may have only an encapsulating layer
without having a capping layer. Alternatively, in some
embodiments, only a capping layer may be suilicient, while
an encapsulating layer need not be formed. Further, 1n some
embodiments, two or more different capping PSAB matenals
may be formed at an exposed metal surface. One material may
be tailored to improve one characteristic of an 1nterconnect
(e.g., adhesion), while another capping material 1s tailored to
improve a different characteristic of interconnect (e.g., resis-
tance shift). While encapsulating PSAB layers are described
in particular detail 1n this application, combinations of differ-
ent capping PSAB layers providing optimized performance,
are also within the scope of present application.

Encapsulating PSAB layers will be 1llustrated with refer-
ence to FIGS. 2A and 2B. In some embodiments, an encap-
sulating PSAB layer 1s formed entirely within the metal layer,
such that the top portion of the encapsulating PSAB layer 1s
formed to substantially the same level as the level of inter-
layer dielectric adjacent the metal layer. This embodiment 1s
illustrated 1n FIG. 2A, which presents a cross-sectional depic-
tion of a partially fabricated semiconductor device. In this
device, vias and trenches formed in an inter-layer dielectric
201, are lined with diffusion barrier material 203 and are filled
withmetal 205. The exposed and unexposed portions of metal
lines are converted to an encapsulating PSAB layer 207, and
a blanket layer of dielectric diffusion barrier 209 1s deposited
on the substrate. Sitmilarly to a capping PSAB layer, depicted
in FIGS. 1B-1E, the encapsulating PSAB layer 207 protects
the top portion ol the metal layer, because 1t includes a portion
residing at the interface between a metal 205 and a dielectric
diffusion barrier 209. However, 1n contrast to the capping

PSAB layer shown in FIGS. 1B-1E, the encapsulating PSAB
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layer turther extends about a perimeter of the metal line, and
comprises portions residing at the interfaces between metal
205 and the partially conductive diffusion barrier 203 (e.g.,
Ta). While the encapsulating PSAB layers can serve the same
functions as the capping PSAB layers, the encapsulating lay-
ers can further improve electromigration parameters of an
interconnect. The reduced electromigration of copper 1n
interconnects that are protected with encapsulating PSAB
layers, may be understood if electrical characteristics of
PSAB-protected interfaces are considered. PSAB layers typi-
cally have higher resistance compared to bulk copper line.
Accordingly, lower current will pass through PSAB-pro-
tected interfaces, while higher current will pass through the
bulk core of copper. Therelore, the driving force for elec-
tromigration of conductive metal at the interfaces will be
mimmized, and interfaces of copper with both the dielectric
diffusion barrier 209 and the partially conductive diffusion
barrier 203 will be better protected. In an embodiment 1llus-
trated 1n FIG. 2A, the PSAB layer 1s formed such that the top
portion of the encapsulating PSAB layer 207 1s substantially
at the same level as the dielectric layer 201. Thus, layer 207
does not extend vertically higher than the level of surrounding
dielectric 201. This can be accomplished, by impregnating
metal layer with PSAB material through chemical transfor-
mation of metal atoms. In some embodiments, no substantial
deposition of material on top of the metal layer occurs during
PSAB layer formation. In other embodiments, some material
can be deposited or adsorbed on the surface of the metal layer,

and later be consumed through diffusion into the metal layer
and/or subsequent chemical reaction with metal atoms. Thus,
in some embodiments, PSAB layer does not extend higher
than about 10 A, preferably not higher than about 5 A above
the level of dielectric 201 or 1n some cases does not extend
even above the level of metal layer 205 prior to PSAB forma-
tion.

It was unexpectedly discovered, that certain PSAB reac-
tants, that will be referred to as the “encapsulating PSAB
reactants” can form encapsualting PSAB layers. Encapsulat-
ing PSAB layers are formed on both exposed and unexposed
metal surfaces, e.g., at the top, bottom, and sidewalls of the
metal-filled recesses. The exposed portion of the PSAB layer
1s typically formed by chemical conversion of exposed metal
into a PSAB material during contact of the encapsulating
PSAB reactant with the exposed metal surface. The PSAB
layer at unexposed metal surfaces, such as at the bottom and
sidewall portions of the metal-filled recesses, can form due to
increased migration of PSAB material or due to migration of
the PSAB-forming reactant within the metal interconnect.

It was unexpectedly discovered that germanium-contain-
ing materials, e.g., Cu,Ge , possess high migrating capabili-
ties and can form encapsulating PSAB layers at temperatures
of less than about 500° C., e.g., at a temperature of less than
about 275° C. Formation of germanium-containing encapsu-
lating layers typically does not require long time periods. For
example, an encapsulating layer can be formed within less
than about 2 seconds upon exposure to PSAB reactant at 275°

C.

While 1n general, 1t 1s understood that other materials, such
as materials containing silicon, boron, phosphorus, arsenic,
carbon, sulfur, selentum and tellurtum may also migrate
under certain conditions to form encapsulating PSAB layers,
germanium-containing materials are particularly advanta-
geous since they do not require exceedingly high tempera-
tures or exceedingly long migration times for formation of
encapsulating PSAB layers. Further, germanium-containing
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materials are advantageous due to their relatively low resis-
tivity and, consequently, due to their relatively small contri-
bution to via resistance shiit.

In some embodiments, the PSAB layer may extend higher
than the layer of adjacent inter-layer dielectric. This can occur
when 1n addition to chemical conversion of metal surface, a
substantial amount of deposition onto the metal surface
occurs during formation of the PSAB layer. These embodi-
ments are illustrated by FIG. 2B, which shows a cross sec-
tional depiction of a device, 1n which a PSAB layer 207 1s
higher than the level of dielectric 201 or the level of metal in
metal line 203 prior to formation of the PSAB layer.

In both embodiments illustrated in FIG. 2A and FIG. 2B,
top portion of the PSAB layer 207 may have a multi-layer
structure. Top portions of layers 207 may have two or more
sublayers (not shown) which may have a distinct or gradually
changing composition. For example layer 207, may have a
bottom sublayer predominantly composed of Cu,Ge,, and a
top sublayer predominantly composed of Ge N,. In some
embodiments, concentration of Ge N, 1s gradually decreas-
ing as the distance from the dielectric diffusion barrier is
increasing. Such sublayers may be formed by transforming
the top portion of the first-formed PSAB layer. For example,
the top portion of the PSAB layer may be modified by a
transformation, effected by chemical treatment, plasma treat-
ment, thermal treatment or some combination of these treat-
ments. In some embodiments, the top portion of an encapsu-
lating PSAB layer (containing, e.g., Cu,Ge ) 1s entirely
transformed to a modified PSAB layer, without forming sub-
layers of material. A particular chemistry and amount of such
modification 1s tailored to a particular application for a PSAB
layer. In some embodiments, chemical modification of the top
portion of the PSAB layer may be necessary to control the
thickness of PSAB layer. Further, in some embodiments, 1t
may be advantageous to transform the top portion of the
PSAB layer to a material that provides optimal adhesion with
a dielectric diffusion barrier. The discussion provided above
referred to a germamum-containing encapsulating layer. In
other embodiments, as will be 1llustrated 1n the following
sections, the portion of the encapsulating layer residing at an
interface with a dielectric diffusion barrier may have a mixed
composition with capping PSAB materials. For example, 1n
addition to germanium-containing materials described

above, 1t may contain a material selected from the group
consisting of Cu,S1,, Cu,P,, CuB,, CuAs , Cu, CY, Cu,S

X yj X y! X yj
Cu,Te, CuSe, S1 N, 51.C,, and C. For example, in some

embodiments, a cappji)ng PS}:AB layer (not shown) may be
formed prior to, concurrently with, or after formation of the
encapsulating PSAB layer. In these embodiments, the PSAB
layer at the mterface between the copper line and the dielec-
tric diffusion barrier may have a mixed or a multi-layer com-
position. When the capping PSAB layer comprises silicon,
and the encapsulating PSAB layer comprises germanium, the
layer formed at the exposed metal surface may include, for
example, mixtures of at least one compound selected from the
group consisting of Cu, 51,51 N, and 51 C , with at least one

b A P x
compound selected from the group consisting of Cu, Ge,

Ge N, and Ge C,,

As mentioned, 1n certain embodiments, the PSAB layers
have a graded composition. The PSAB layer may be viewed
as an alloy of copper metal with PSAB material, or as a layer
of copper impregnated with PSAB matenal at an interface
with a diffusion barrier layer. The concentration of elemental
copper in these embodiments 1s gradually decreasing towards
the interface with the diffusion barrier layer, while concen-
tration of PSAB material 1s increasing. Such structure 1s
particularly advantageous for improvement of adhesion
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between metal and dielectric layers, as gradual change in
maternal properties leads to good binding between the two
layers. While in some embodiments, PSAB layers are graded,
in other embodiments PSAB layers may be distinct rather
than blended into the underlying metal layers, and may have
an abrupt boundary with the metal layer.

While PSAB layers provide numerous advantages to inter-
connect structure and performance, fabrication of PSAB-
containing interconnects having good adhesion, electromi-
gration, stress migration and resistance shift parameters, can
be challenging. These challenges, are addressed, 1n some
embodiments, by providing PSAB-forming methods that
make use of capping PSAB layers and encapsulating PSAB
layers used 1n concert. More generally, different PSAB mate-
rials having different properties, can be used in concert,
regardless of whether they form capping or encapsulating
layers. In particular embodiments, silicon-contaiming cap-
ping PSAB layers can provide improved adhesion, while
germanium-containing encapsualting PSAB layers can pro-
vide improved resistance shift and electromigartion perfor-
mance to an interconnect. Using such layers 1n concert can
provide interconnects with optimized performance.

Methods of Forming PSAB Layers

Methods of forming capping PSAB layers, encapsulating
PSAB layers and combinations of capping and encapsulating
PSAB layers are provided. Methods of forming capping
PSAB layers have been described in detail in U.S. patent
application Ser. No. 11/709,293, which was previously incor-
porated by reference. Methods of forming encapsulating
PSAB layers and combinations of capping and encapsulating
PSAB layers will be presently discussed.

As previously discussed, an encapsulating PSAB layer can
be formed by contacting a semiconductor substrate having a
pattern of exposed metal lines in a dielectric with an encap-
sulating PSAB reactant. Encapsulating PSAB reactant does
not only transform the exposed portion of the metal layer to a
PSAB material, but also leads to formation of the PSAB layer
within unexposed portions of metal, preferably encapsulating,
the metal layer, as 1llustrated in FIG. 2A. Preferably, PSAB
material 1s not substantially present within the bulk portion of
the metal, but predominantly concentrates at the interfaces of
metal with other materials, such as at the interfaces with
diffusion barner layers. While 1n some embodiments, 1t 1s
preferred that the encapsulating PSAB material resides at all
interfaces of the metal, 1t 1s understood that 1n some embodi-
ments the encapsulating PSAB layer may be discontinuous or
may have varniable thickness at different interfaces. For
example, the encapsulating PSAB layer may be absent ormay
have lower thickness at the sidewall interface of the metal-
filled line. Generally, encapsulating PSAB layer has at least
one portion residing at an unexposed interface of the metal
line, e.g. at the bottom of the metal-filled via.

Formation of the encapsulating PSAB layers was unex-
pectedly discovered when partially fabricated devices having,
exposed metal lines were treated with GeH,. When the sub-
strate containing exposed portions of metal and dielectric 1s
contacted with germane 1n the absence of plasma, the metal
surface 1s selectively transformed to a germanium-containing
material, while the dielectric regions remain unaifected by
this treatment. Germanium-containing material was also
found to be residing at the bottom and, possibly, at the side-
wall portions of the metal-filled recesses, thereby forming an
encapsulating PSAB layer. Without being bound by a particu-
lar theory, this behavior can be explained by high mobaility of
germanium-containing material within an interconnect. For
example, a germanium-containing material, such as elemen-
tal germanium or copper germanide may flow from the
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exposed portion of the metal surface, where it 1s formed, to
unexposed portions of the metal. Remarkably, germanium-
containing material concentrates at the interfaces between
metal and diffusion barrier layers, and 1s typically not present
at a significant concentration within the bulk portion of metal
line. Germanium-containing material can form encapsulating
PSAB layers at temperatures of less than about 500° C. and
within a period of time of less than about 2 seconds upon
GeH, exposure. In an alternative mechanism, formation of
encapsulating layer can be explained by migration of GeH,
itsell through the metal—diflusion barrier interfaces within
an 1nterconnect. As discussed in the previous sections, use of
germanium-containing encapsulating layers can improve
resistance shift due to relatively low resistivity of germanium-
containing materials. Further, electromigration performance
ol interconnects can be improved.

While encapsulating PSAB layers will be primarily 1llus-
trated herein using germanium-containing layers as an
example, 1t 1s understood that conditions may be found for
other materials to achieve same levels of drifting capability.
For example, modulation of temperature and time allowed for
migration, may lead to formation of encapsulating layers with
other types of matenials. For example, the substrate may be
contacted with a gas or a vapor, selected from the group
consisting of S1H,, PH,, B,H,, AsH,, an alkane, H,S, H,Se,
and H,Te. Further, a variety of metal hydrides and alkylated
clement hydrides can be used. Examples include SnH;, SbH,,
plumbane, etc. In some embodiments, metal halides (fluo-
rides, chlorides, bromides or 10dides) can be used for forming
PSAB layers. For example, in some embodiments, molybde-
num halides are used. In these cases, inter-metal compounds
and alloys (e.g. Cu,Mo,) are formed as the PSAB layers. In
general, a variety of metal hydrnides and/or halides or alkyl
substituted hydrides and/or halides which could be delivered
into a CVD chamber in their gaseous forms could be
employed as PSAB forming reactant. Further, in some
embodiments, a variety of metal containing compounds (1n-
cluding organometallics) that could be delivered into the
CVD chamber 1n 1ts gaseous form could be used as PSAB
forming reactants. Examples include alkyl, carbonyl, and
cyclopentadienyl-substituted organometallic compounds,
such as tetrakisdimethylaminotitanium, cyclopentadieneyl
molybdenum, nickel tetracarbonyl and 1ron pentacarbonyl.
Typically, such compounds would impregnate top portions of
copper lines with thin layers of metals, e.g., T1, Mo, N1, Fe and
the like to form alloys with copper. The conditions can be
further adjusted, such that an encapsulating rather than a
capping layer would form. For example temperatures and
times allowed for migration of PSAB material can be modu-
lated to achieve increased migration of the PSAB matenal.
Thus encapsulating PSAB layers containing S1, P, B, As, C, S,
Se, or Te may be formed. In some embodiments, metal-
containing encapsulating PSAB layers may be formed, e.g.
Sn, Sb, Pb, Mo, Fe, N1, or W-containing encapsulating PSAB
layers might form.

Whether a particular PSAB reactant will form a capping or
an encapsulating PSAB layer, may depend on the chemistry
ol the reactant, the temperature used to allow for migration of
PSAB material, and the time allowed for such migration. For
example, depending on temperature and migration times,
reactants described above 1n the context of forming an encap-
sulating PSAB layer, can be used for forming a capping layer.
For example, the same PSAB reactant may form a capping
PSAB layer at lower temperature, and an encapsulating
PSAB layer at higher temperature.

However, when referring to a particular temperature
regime, each PSAB reactant can be characterized as a capping,
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PSAB reactant or as an encapsulating PSAB reactant. For
example, 1 the temperature range of about 200-400° C.,
silane 1s characterized as a capping PSAB reactant, while
germane 1s characterized as an encapsulating PSAB reactant.
This can be explained by greater mobility of elemental ger-
manium or other germanium-containing compound around
the periphery of an interconnect, compared to elemental sili-
con or other silicon-containing compound, formed at the
exposed surface of the metal.

Several embodiments of processes that involve formation
of encapsulating and capping PSAB layers will be 1llustrated
with reference to process tlow diagrams presented in FIGS.
3A-3B and cross-sectional device structures shown 1n FIGS.
4 A-4F. It 1s understood that provided methods are not limited
to particular process tlows illustrated 1n the process diagrams,
and a variety of combinations of operations may be per-
formed. For example, while processes used 1n these 1llustra-
tions describe forming a capping PSAB layer followed by
forming an encapsulating PSAB layer, it 1s understood that 1n
alternative embodiments the encapsulating PSAB layer may
be formed prior to or concurrently with the capping PSAB
layer formation. In some embodiments formation of the cap-
ping layer may be skipped, in other embodiments formation
of an encapsulating PSAB layer may be skipped.

Referring to FIG. 3A, the process starts by providing a
partially fabricated semiconductor device having a pattern of
exposed metal layers 1n a dielectric, as shown in process block
301. The substrate 1s provided after the vias and trenches have
been filled with metal and excess metal has been removed by
CMP. Examples of such substrate are illustrated in FIG. 1A
and 1n FIG. 4A. In FIG. 4A, a via and a trench formed 1n an
inter-layer dielectric 401 are lined with a diffusion barrier
403, and are filled with a metal fill 405. The substrate 1s
planarized by CMP prior to formation of the PSAB layer.

In some embodiments, the entire process shown 1n FIG. 3A
1s performed 1n a vacuum environment, without breaking the
vacuum or exposing the partially fabricated device to an
ambient atmosphere during or between the operations shown
in FI1G. 3A. In some embodiments, the entire process depicted
in FIG. 3A 1s performed 1n one apparatus. Further, 1n some
embodiments, the entire process depicted i FIG. 3A can be
performed at one station of a multi-station apparatus. In some
embodiments, two or more operations of the process shown 1n
FIG. 3A are performed at different stations of a multi-station
apparatus or in different chambers of a multi-chamber appa-
ratus. For example, in some embodiments, H, plasma post-
treatment shown in process block 313 may be performed at a
different station than the station used for operations 301-311,
because, a different temperature may be required 1n order to
optimize the impact of the H, post treatment process. In some
embodiments, pinning operation 311 may be performed 1n
station or a chamber that 1s different from stations or cham-
bers used for operations 301-309. Generally, the process
shown 1n FIG. 3A can be performed at a temperature ranging
from about 20° C. to 500° C., and at a pressure ranging from
about 10 mTorr to about 100 Torr. The tlow rates of reactants
in the process can range from about 0.001 sccm to about
10000 sccm (per process chamber housing four 300 mm
walers), and reactant contact times can range from about 0.5
to about 30000 seconds, e.g. from about 0.5 to about 5000
seconds.

PSAB layers can be formed 1n any apparatus that provides
mechanisms for reagent flow and a process chamber that can
elfectively 1solate the fabricated device from moisture and
oxygen of ambient environment. Preferably the apparatus
should be capable of providing vacuum environment and a
temperature that 1s necessary to perform the PSAB-forming,
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reaction. For example, various types of CVD tools can be
used for PSAB layer formation. In some embodiments, the
PSAB-forming process may include operations that require
plasma treatment, or plasma-enhanced reactions. Therefore,
in some embodiments it 1s preferable to use PECVD tools,
such as SEQUEL™ and VECTOR™ PECVD tools available
from Novellus Systems, Inc. (San Jose, Calif.). Further, 1n
some embodiments, a dual frequency PECVD apparatus that
has high frequency (HF) and low frequency (LF) radio fre-
quency (RF) plasma sources, 1s preferred. Low frequency RF
power refers to RF power having a frequency between 100
kHz and 2 MHz. A typical frequency range for LF plasma
source 1s between about 100 kHz to 500 kHz, e.g., 400 kHz
frequency may be used. High frequency power refers to RF
power with a frequency greater than 2 MHz. Typically HF RF
frequency lies in the range of between about 2 MHz-30 MHz.
A commonly used HF RF values include 13.56 MHz and 27
MHz. In some embodiments LF power rangmg from about O
W/cm?® to 1.0 W/em?, and HF power ranging from 0.1-1.5
W/cm” can be used in plasma assisted operations, such as
during pre-clean, pinning and H, post-treatment. In some
embodiments a single frequency process 1s used 1n plasma-
assisted operations.

Referring again to FIG. 3A, the substrate provided to a
process chamber 1s pre-heated and 1s optionally pre-cleaned
as shown by the process block 303. Pre-cleaning and pre-
heating operations remove contaminants from the surface of
the water. In particular, pre-heating can remove organic con-
taminants while plasma pre-cleaning can remove metal oxide
from the metal surface, thereby exposing metal atoms for
subsequent reactions. It 1s desirable to perform pre-cleaning
alter a CMP operation or any exposure to moisture and oxy-
gen, since CMP can leave a significant amount of contami-
nants on a wafer surface. Pre-clean operation can be accom-
plished by, for example, exposing the surface of a substrate to
a plasma containing a reducing gas, such as NH; or H,. In
some embodiments pre-clean with H, plasma has provided
devices with particularly improved characteristics. The pro-
cess gas during pre-clean can also include a carrier gas, such
as N,, He, Ar, etc. In one example, pre-clean 1s performed in
a PECVD chamber at a temperature of about 200-400° C.,
pressure of about 1.5-4 Torr and an H, tlow rate of about
4000-10000 sccm. The plasma, which may contain an HF and
an LF component 1s 1gnited and 1s sustained at a total power of
200-1000 W per one 300 mm wafer. In some embodiments, 1t
is preferable to use HF power at 0.1-1.5 W/cm” and LF power
at 0-0.8 W/cm? during the pre-clean operation. In another
example, NH, 1s used instead of H, as a reducing gas, and 1s
flowed into the process chamber at a tlow rate ranging from
about 6000 to 8000 sccm. An N, carrier gas 1s flowed 1nto the
chamber at a flow rate of about 2000-4000 sccm. The pre-
cleaning treatment can last several seconds, e.g., between
about 6-20 seconds.

After the contaminants and metal oxides are removed from
the surtace of the substrate, the substrate 1s optionally con-
tacted with a passivating reagent. This operation typically
serves to reduce the resistance shift in subsequently formed
interconnects, and may be used in some embodiments, par-
ticularly 1n those embodiments where PSAB maternals having
high resistivity are formed within the metal layer. In some
embodiments, the passivating reagent 1s a nitrogen-contain-
ing reagent that is capable of forming metal nitride, e.g.,
Cu, N, at the surface of the metal layer, as shown in the
process block 305. In a particular embodiment, the nitrogen-
containing reagent 1s NH;. Generally, a variety of nitrogen-
containing compounds can be used. These include hydrazine
(N,H,) and amines (e.g., methylamine, ethylamine, diethy-
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lamine, etc.). In some embodiments halogens or halogen-
containing compounds may be used as passivating agents,
partially converting metal surface to metal halides. For
example, I, can be used. In other embodiments certain hydro-
carbons may be used as passivators, partially converting the
metal surface to metal carbide. The passivating reagent 1s
preferably selected such that 1t can modily metal surface
without the use of plasma. In one embodiment, the passivat-
ing reagent 1s introduced 1n a controlled fashion, such that the
metal surface 1s not entirely converted to passivated material,
but still contains unpassivated metal atoms, which can be
converted to a PSAB material during subsequent PSAB form-
ing operation. A substrate having a partially passivated sur-
face 1s illustrated 1n FIG. 4B. In this example metal nitride
407 1s formed within an upper portion of metal layer 405.
Metal nitride 407 occupies only a fraction of exposed surface,
with a certain amount of metal 405 being available to subse-
quent transformations. The degree of passivation of the metal
surface, can be controlled by parameters of the passivating
process, such as nature of the passivating reagent, tempera-
ture, flow rate of passivating reagent and contact time of
reagent with the metal layer.

In one embodiment, copper surface is partially converted to
Cu,N, by tlowing NH; into a process chamber at a tlow rate of
about 6000-8000 sccm, at a pressure of about 1.5-4 Torr and
at a temperature of about 200° C.-400° C. In this embodiment,
plasma 1s not 1gnited during the passivation process. In other
embodiments, passivation may be plasma-assisted. In some
embodiments NH, 1s the only gas that 1s flowed into the
chamber during passivation operation. In other embodiments,
NH; or other passivating reagent may be diluted by a carrier
gas, such as N,, H,, He, Ar, etc. The metal layer 1s contacted
with the passivating reagent for a controlled period of time
that provides the desired amount of passivated material at the
metal surface. For example, the substrate can be treated with
NH, for about 2-4 seconds to convert a desired fraction of
copper surface to copper nitride.

In one embodiment, the passivating operation selectively
transforms metal surface without affecting other exposed sur-
faces of the substrate. For example, passivating operation 305
in this embodiment does not transform the dielectric layer and
does not deposit any material on a layer of dielectric.

Referring again to FIG. 3A, the PSAB process follows by
forming a capping PSAB layer within the top portion of the
metal layer. As shown in the process block 307, the partially
fabricated device 1s contacted with a capping PSAB reactant
to form a capping PSAB layer. The capping PSAB reactant
reacts with the available metal atoms of the metal layer, but
preferably does not affect materials elsewhere on the wafer.

In some embodiments the capping PSAB reactant com-
prises a gas or a vapor, selected from the group consisting of
SiH,, PH;, B,H,, AsH,, an alkane, H,S, H,Se, and H,Te.
Further, a variety of metal hydrides and alkylated element
hydrides can be used. Examples include SnH,, SbH,, plum-
bane, etc. In some embodiments, metal halides (fluorides,
chlonides, bromides or 1odides) are used for forming PSAB
layers. For example, in some embodiments, molybdenum
halides are used. In these cases, mter-metal compounds and
alloys (e.g. Cu,Mo,) are formed as first PSAB layers. In
general, a variety of metal hydrides and/or halides or alkyl
substituted hydrides and/or halides which could be delivered
into a CVD chamber in their gaseous forms could be
employed as PSAB forming reactant. Further, in some
embodiments, a variety of metal containing compounds (1n-
cluding organometallics) that could be delivered into the
CVD chamber 1n 1ts gaseous form could be used as PSAB
forming reactants. Examples include alkyl, carbonyl, and
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cyclopentadienyl-substituted organometallic compounds,
such as tetrakisdimethylaminotitanium, cyclopentadieneyl
molybdenum compounds, nickel tetracarbonyl and 1ron pen-
tacarbonyl. Typically, such compounds would impregnate top
portions of copper lines with thin layers of metals, e.g., i,
Mo, N1, Fe and the like to form alloys with copper.

The capping PSAB reactant contacts the semiconductor
substrate under such conditions that top portion of the metal
1s converted to a capping PSAB layer, comprising a material
selected trom the group consisting of M S1,, M P, M. B,,
M As,, M .C, M5, M Se, and M, le , where M is metal,
when SiH,, PH,, B,H., AsH,, an alkane, H,S, H,Se, and
H,Te reactants are used. For example a layer comprising
CuSi, Cu P, Cu B, CuAs, CuC, CuS,, CuSe, or
Cu,le, 1s formed. While in some embodiments formation of
the capping PSAB layer may be plasma-assisted, in many
embodiments, including an embodiment 1n which SiH, con-
tacts Cu to form Cu,S1, plasma 1s preferably not ignited
during formation of the first PSAB layer. When plasma 1s not
applied, silane selectively reacts with metal surface, without
depositing any material on other exposed surfaces of the
waler. For many PSAB forming reagents plasma should not
be 1gnited during PSAB forming process, in order to achieve
selective formation of PSAB layer within the metal surface,
rather than blanket deposition of material across the wafer. In
some embodiments, the capping PSAB reactant 1s selected
such that it would form a PSAB material that would maximize
adhesion between copper and the dielectric diffusion barrier
layer. Examples of such materials include silicon-containing
materials. Thus, 1n one embodiment the capping PSAB layer
1s formed by treating the substrate with a silicon containing
reactant, such as SiH,, Si,H., a substituted silane (e.g.,
RSi1H,, R,SiH,, R;SiH, wherein R 1s an alkyl, alkenyl or
alkynyl, which may be further substituted with heteroatoms)
to selectively convert the exposed surface of the metal to
metal silicide. Metal silicide can be further converted to mate-
rials having an excellent adhesion to a diffusion barrier layer,
as will be illustrated.

In some embodiments, the first PSAB layer 1s formed
entirely within the top portion of the metal line. Such embodi-
ment 1s 1llustrated 1n FI1G. 4C, where the capping PSAB layer
409 1s self-aligned with the metal layer 405 and does not
extend higher than the layer of surrounding dielectric 401.
Layer 409 comprises, 1n one embodiment, metal silicide and,
in some embodiments, metal nitride remaining from the pas-
stvating treatment (not shown). Layer 409 can also include
metal (1n zero oxidation state), which 1s impregnated with the
above-mentioned matenals.

In a particular example, the capping PSAB layer 1s formed
by flowing SiH,, 1nto a process chamber at a flow rate of about
100-1000 sccm. NH; at a tlow rate of about 4000-10000 sccm
or H, at a flow rate of about 4000-10000 sccm can be option-
ally flowed into the process chamber concurrently with
silane. The SiH, treatment lasts for about 1-6 seconds at a
temperature ranging from about 200-400° C. and pressure
ranging ifrom about 1.5-4 Torr. In some embodiments, it 1s
preferable to keep the temperature lower than 300° C. 1n order
to limit diffusion of nonconductive species into the metal line.
In other embodiments, temperatures higher than 300° C. are
used while diffusion of nonconductive species and via resis-
tance are controlled using other methods (e.g., passivation
and pinning). No plasma 1s applied 1n this embodiment, and
S1H, selectively reacts only with the metal surface to form a
copper silicide containing PSAB first layer

In an alternative embodiment, the capping PSAB layer
may be formed by treating the substrate with a surface active
reagent that selectively adsorbs on a metal surface. This
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embodiment1s described 1n detail 1n U.S. application Ser. No.
10/980,0°76, which was previously incorporated by reference.

After the capping layer has been formed, the process fol-
lows by contacting the device with an encapsulating PSAB
reactant to form an encapsulating PSAB layer 1n an operation
309. Examples of encapsulating PSAB reactants have been
listed above. In some embodiments, encapsulating PSAB
reactants are selected such that the encapsulating PSAB
material would have relatively low resistivity and will have
low contribution to the resistance shift of a via. In some
embodiments, the substrate 1s treated with a germanium-
contaiming reactant, such as GeH, or Ge,.H,, to form an
encapsulating PSAB layer.

In a particular example, the encapsulating PSAB layer 1s

tormed by flowing GeH,, into a process chamber at a flow rate
of about 10-1000 sccm. NH, at a flow rate of about 4000-

10000 sccm or H, at a tlow rate of about 4000-10000 sccm,
and N, at a flow rate of about 0-18000 sccm can be optionally
flowed 1nto the process chamber concurrently with germane.
The germane treatment lasts for about 1-6 seconds at a tem-
perature ranging from about 200-400° C. and pressure rang-
ing from about 1.5-4 Torr. No plasma i1s applied 1n this
embodiment. Germane selectively reacts with the metal sur-
face and presumably generates a fast-migrating germaniums-
containing product, e.g., elemental germanium, which flows
within the copper line and concentrates at the interfaces of
copper with diffusion barrier materials. Alternatively, the ger-
manium precursor itself may migrate around the interfacial
regions prior to reacting. The encapsulating PSAB layer may
also contain Cu, Ge, compound. The structure resulting from
operations 301-309 1s 1llustrated in FIG. 4D. The encapsulat-
ing PSAB layer 413 surrounds the metal line 405, and resides
at the interfaces of copper line with the diffusion barrier 403,
as well as at the exposed surface of the metal line. Note, that
the PSAB layer 411 which resides at the surface of the metal
line comprises both a previously deposited capping PSAB
material and the encapsulating PSAB material. The previ-
ously deposited capping layer may, 1n some embodiments, be
chemically modified by the treatment with the encapsulating
reactant. Regardless, the layer 411, 1n this embodiment, has a
different composition from the PSAB layers residing within
the unexposed portions of metal. For example, the layer 411,
may include both silicon-containing material and a germa-
nium containing material (e.g., Cu,S1,and Cu, Ge ), while the
unexposed bottom and sidewall portions of metal layer 405
may include only germanium containing material, e.g.,
Cu,Ge,.

In some embodiments, a “pinning”” operation 1s optionally
performed to limit the diffusion of non-conductive materials
into the metal line. Pinning 1s particularly important, when
materials with relatively low conductivity, such as silicon-
containing materials are used. As shown 1n the process block
311 of FIG. 3A, the pinned PSAB layer 1s formed by contact-
ing the device substrate with a pinning reactant. In general,
pinning can be accomplished by thermal treatment, plasma
treatment, chemical treatment, or some combination of the
three. In one embodiment, pinning 1s performed by contact-
ing the substrate with a pinning reagent selected from the
group consisting of N,, NH;, a hydrocarbon, a gas from the
family of methyl-substituted amines, and mixtures thereof. In
some embodiments silicon-containing pinning reagents, such
as a gas from the family of methyl-substituted silanes or
HMDS may be used. Preferably, modification of the first
PSAB layer with the pinning reagent i1s performed with
plasma treatment. In one embodiment, the exposed PSAB
layer containing Cu,Si1,, and Cu,Ge,, 1s treated with NH; in a
plasma. Under conditions practiced in this embodiment,
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excess of elemental silicon residing within and/or on the
surface of metal line 1s transformed 1nto silicon nitride, which
does not readily diffuse into the bulk of metal layer. Further,
under conditions of such pinnming, Cu,S1i, and Cu,Ge, are
partially or completely transformed to copper metal (at zero
oxidation state) impregnated with silicon nitride and germa-
nium nitride, thereby forming an excellent adhesive layer at
the interface of metal fill and a dielectric diffusion barrier.

In a particular example, a substrate having an exposed

PSAB layer comprising Cu, 51, and Cu,Ge,, 1s treated with
NH,; and N, 1n a plasma generated using HF and LF power
sources. NH; 1s introduced 1nto a process chamber at a tlow
rate of about 6000-8000 sccm. N, 1s flowed 1nto the chamber
at a flow rate of about 2000-4000 sccm. The substrate 1s
treated at a temperature of about 200-400° C., and pressure of
about 1.5-4 Torr for a period of time ranging from about 3 to
20 seconds. Plasma 1s ignited using HF and LF power sources
at a total power level of about 200-1000 W for one 300 mm
wafer. As a result, a pinned PSAB layer containing S1, N and
Ge, N, 1s formed.
The device resulting after the pinning process 1s illustrated
in FIG. 4E. The exposed PSAB layer 411 has been trans-
formed by the pinming process to a layer with a different
composition 415, while the unexposed portions of the encap-
sulating PSAB layer 413 were not atfected by the pinning.
The exposed layer 415 may contain, for example, S1 N,
51,C,, Ge C, Ge N, Cu,S1, Cu,Ge,, and mixtures thereof.
In some embodiments copper metal 1s impregnated with these
matenials, and layers having a graded composition are
formed. In other embodiments, distinct bi-layers or tri-layers
may form after pinning.

In some embodiments, (including embodiments employ-
ing hydrocarbon and silicon containing pinning reagents)
pinning conditions are preferably selected such that only the
exposed PSAB layer 1s transformed, while no substantial
deposition occurs elsewhere on the wafer, e.g., on a dielectric
field. Preferably, in these embodiments no more than 10 A of
material 1s deposited elsewhere on the dielectric field regions
of the water.

Depending on a reagent that 1s used in pinning, the pinned
PSAB layer may contain S1.N_, 51,C,, hydrogen-doped car-
bon or a combination of these matenials. For example, treat-
ment with hydrocarbons will result in S1,C, or C:H-contain-
ing pinned PSAB layer, while treatment with NH, and N, will
result in S1. N, containing pinned PSAB layer. Germanium-
containing exposed layers can also be pinned to form, e.g.,
Ge N, and Ge C..

In some cases, pinning using hydrocarbons was found to be
associated with improvement 1n stress migration parameters
of interconnects. Hydrocarbons, as used herein, are defined as
compounds with C H,, composition, which may be optionally
substituted with heteroatoms, such as S, N, P, etc. Hydrocar-
bons include acyclic and cyclic alkanes, alkenes, alkynes, as
well as amines, mercaptans, thioethers and organic phos-
phines. Examples of hydrocarbons that do not include het-
croatoms and that can be used as pinning reactants are meth-
ane, ethane, ethylene, acetylene, propane, propene, propyne,
cyclopropane, cyclobutane, butanes, butenes, butynes, and
benzene.

Pinning with hydrocarbons results in chemical transforma-
tion of the exposed PSAB layer leading to a structure with
slower migration of vacancies in a via.

In some embodiments, pinning 1s performed exclusively
with hydrocarbons 1n a plasma without NH;, N, and other
pinning reagents. In other embodiments, mixtures of pinming
reagents (e.g., NH;, N,) with a hydrocarbon may be used

during plasma-assisted pinning. Hydrocarbon content in the
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process gas can range from about 0.0001% (trace values) to
100%, preferably from about 1% to 100% by volume. Pres-
sure, temperature, and plasma conditions for hydrocarbon
pinning can be similar to those described above for NH,
pinning. In one embodiment the exposed PSAB layer 1s
treated with a mixture of NH; (or N, ) flowed 1nto the process
chamber at the tlow rate range of between about 500 sccm to
5000 sccm and cyclopropane flowed in the range o1 2.5 sccm
to 5000 sccm per one 300 mm water using a plasma. When
such treatment 1s performed on Cu,Si1 -containing PSAB
layer, a 51,C N, material 1s typically tormed.

In another embodiment a hydrocarbon 1s flowed into the
process chamber without being mixed with other pinning
reagents. For example, cyclopropane can be flowed into the
chamber at a flow rate ranging from about 2.5 to 5000 sccm
per one 300 mm waler. The plasma 1s then 1gnited under
similar conditions or under slightly modified conditions, as
described for NH; pinning and the exposed PSAB layer 1s
modified by hydrocarbon pinning. When such treatment 1s
performed on Cu,S1, PSAB layer containing a S1,C, material
1s typically formed.

It was also found that treatment of PSAB layers with H,
plasma during or after pinning improves stress migration
characteristics of interconnects. H, plasma chemically modi-
fies the surface of the PSAB layer and leads to structures with
lower stress migration, presumably also by slowing the
migration of vacancies within the via. In some embodiments
H, 1s included into the process gas used during pinning.
Examples of mixtures of pinning reagents with H,, which can
be used include: NH, and H,; N, and H,; NH,, N,, and H.,;
hydrocarbon, NH;, and H,; hydrocarbon, N,, and H,. In one
embodiment, H, plasma treatment 1s used instead of pinning
(no other pinning reagents added). Other combinations of
pinning reagents (e.g., ternary mixtures) with hydrogen may
be used, as will be understood by those of skill 1n the art. H,
can be supplied into the process chamber at a flow rate rang-
ing from 40 to 20000 sccm per four 300 mm waters or 10 to
5000 sccm per one 300 mm wafer. In some embodiments H,
comprises at least 0.01% of the total gas flow during pinning,
preferably between 1 and 50%. Plasma, temperature, and
pressure conditions for pinming which includes H,, can be
similar to those listed for NH, pinning.

In some embodiments, H, plasma treatment 1s performed
aiter the pinning operation 1s completed, as shown by process
block 313 of FIG. 3A. Durning H, plasma post-treatment, H,
can be supplied to the process chamber either alone or con-
currently with an inert carrier gas at a flow rate ranging from
about 40 to 20000 sccm per four 300 mm waters or 10 to 5000
sccm per one 300 mm water. Plasma, temperature, and pres-
sure conditions for H, post-treatment can be similar to those
listed above for NH, pinning operation. It 1s understood that
H, plasma post-treatment, plasma pre-clean, passivation, and
pinning operations are optional and may or may not be
included 1nto the process tlow, depending on the particular
chemistry of the process or the desired parameters of an
interconnect.

FIG. 3B presents a process flow diagram for a specific
example of a PSAB forming process. In this embodiment the
substrate 1s contacted with SiH_, without the use of plasma to
form a capping PSAB layer as shown 1n operation 313 fol-
lowed by exposure to GeH , without the use of plasma to form
an encapsulating PSAB layer as shown in operation 317.
Other operations of the process are similar to those described
in FIG. 3A. The process tlow shown in FIG. 3B provides
interconnects having good adhesion between copper and a
dielectric diffusion layer, due to presence of silicon-contain-
ing material at this interface. These mterconnects also have
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low resistance shift and good electromigration properties due
to the presence ol germanium-containing encapsulating
layer.

After the processes 1llustrated in FIGS. 3A and 3B are
completed, a dielectric diffusion barrier layer 1s deposited on
top ol the exposed PSAB layer 415 and a dielectric 401.
Cross-sectional depiction of a resulting structure 1s shown 1n
FIG. 4F. Dielectric diffusion barrier layer 1s preferably depos-
ited in the same vacuum environment as the PSAB layers,
without exposing the substrate to moisture or oxygen. In
some embodiments the dielectric diffusion barrier 1s depos-
ited 1n the same process chamber 1n which the PSAB layer has
been deposited, e.g., 1n a process chamber of a PECVD appa-
ratus. In other embodiments, it may be deposited 1n a different
station of a multi-station apparatus or 1n a different chamber
of a multi-chamber apparatus. The dielectric diffusion barrier
may include, for example, silicon carbide based materials,
such as silicon carbide, which may be doped with nitrogen,
oxygen, boron etc. In some embodiments 1t 1s particularly
desirable to use low-k diflusion barrier layers formed on top
of PSAB-capped lines and ILD. In one embodiment use of
oxygen doped silicon carbide (ODC) 1s particularly pre-
terred. ODC material typically has a low dielectric constant
(e.g., less than 4.0), and 1s therefore a desired diffusion barrier
material. However, 1n the absence of PSAB capping, direct
deposition of ODC layers on top of copper lines, resulted 1n
oxidation of copper and deterioration of interconnect proper-
ties. PSAB technology allows use of ODC diffusion barrier
formed on top of PSAB layer, since copper 1s protected from
oxidation by PSAB material. ODC layers can be formed by
PECVD using silicon, carbon, and oxygen-containing pre-
CUrsors.

In some embodiments deposition of a dielectric diffusion
barrier layer 1s performed at a temperature that 1s higher than
the temperature used in the PSAB formation (including pas-
stvation and pinning operations). For example, in some
embodiments, PSAB formation 1s implemented at a tempera-
ture under 350° C., e.g., at about 250-300° C., while diffusion
barrier deposition 1s performed at a temperature of at least
about 350° C., e.g., 375-450° C.

After the diffusion barrier has been deposited, an intercon-
nect may be formed using conventional Damascene process-
ing, such as described with reference to FIGS. 1A-1E.

While not illustrated 1n the FIGS. 3 and 4, a metal cap may
be formed on top of the PSAB layer prior to deposition of a
dielectric diffusion barrier. Such metal caps can be formed
from volatile metal halides or organometallic precursors
(e.g., from WF) and are preferably deposited selectwely on
top ol or within the exposed PSAB layers, without affecting
the dielectric material. Advantageously such metal caps can
be deposited 1n the same PECVD apparatus, as the PSAB
layers and the dielectric diffusion barrier, without breaking
the vacuum or exposing the substrate to moisture and oxygen.

The methods described above provide interconnects with
good adhesion, low resistance shiit and/or improved stress
migration characteristics. The thickness of PSAB layers
formed by these methods can range from about 10 A to
10,000 A. It is especially advantageous that these methods
can provide PSAB layers with the thickness 1n the range of
about 10-100 A, particularly at a 10-60 A range. PSAB films
ranging in thickness from about 10 to 60 A can provide
interconnects with particularly small resistance shiits of less
than 1% and less than 3%, that are currently demanded 1n the
IC industry. When PSAB layers have graded composition, the
thickness of a PSAB layer can be defined from the interface
with a diffusion barrier layer to a point where the Cu concen-
tration 1s at least 98 atomic %. In some embodiments, where
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PSAB layers comprise materials having relatively low resis-
tivity (e.g., germanium-containing materials), the greater
thicknesses of PSAB layers can be tolerated. For example, in
one interconnect, PSAB-layers comprising silicon may be
particularly thin (e.g., between about 5 to 60 A), while ger-
manium-containing portions of PSAB layers may be substan-
tially thicker (e.g., from about 5 to 100 A).

Interconnects having a combination of a silicon-containing,
capping PSAB layer and a germanium-containing encapsu-
lating PSAB layer can afford improved adhesion without
compromising the conductivity of the via. Thus, devices hav-
ing an adhesion of copper to a dielectric diffusion barrier of
greater than about 10 J/m>, e.g., greater than about 20 J/m~
can be obtained. The resistance shift for these devices typi-
cally does not exceed 3%. Further, use of interconnects hav-
ing encapsulating PSAB layers can improve electromigration
parameters of interconnect by protecting the interfaces of
copper line.

Apparatus

The present invention can be implemented 1n many differ-
ent types of apparatus, such as chemical vapor deposition
(CVD) reactors and spin-coating systems. Generally, the
apparatus will include one or more chambers or “reactors”
(sometimes including multiple stations) that house one or
more walers and are suitable for wafter processing. Each
chamber may house one or more waters for processing. The
one or more chambers maintain the watfer 1n a defined posi-
tion or positions (with or without motion within that position,
¢.g. rotation, vibration, or other agitation). In one embodi-
ment, a waler undergoing the PSAB layer and barrier layer
deposition 1s transferred from one station to another within
the reactor during the process. While 1n process, each water 1s
held 1n place by a pedestal, water chuck and/or other water
holding apparatus. For certain operations in which the water
1s to be heated, the apparatus may include a heater such as a
heating plate. In one embodiment of the invention, a PECVD
system may be used. In some embodiments, the PECVD
system 1ncludes a LF RF power source.

FIG. 5 provides a simple block diagram depicting various
reactor components arranged for implementing the present
invention. As shown, a reactor 500 includes a process cham-
ber 524, which encloses other components of the reactor and
serves to contain the plasma generated by a capacitor type
system 1ncluding a showerhead 514 working 1n conjunction
with a grounded heater block 520. A high-frequency RF gen-
crator 502 and a low-frequency RF generator 504 are con-
nected to a matching network 506 that, in turn 1s connected to
showerhead 514.

Within the reactor, a water pedestal 518 supports a sub-
strate 516. The pedestal typically includes a chuck, a fork, or
111t pins to hold and transfer the substrate during and between
the deposition reactions. The chuck may be an electrostatic
chuck, a mechanical chuck or various other types of chuck as
are available for use in the industry and/or research.

The process gases are mtroduced via inlet 512. Multiple
source gas lines 510 are connected to manifold 508. The gases
may be premixed or not. Appropriate valving and mass flow
control mechanisms are employed to ensure that the correct
gases are delivered during the pre-cleaning, passivation,
PSAB formation and pinning phases of the process. In case
the chemical precursor(s) 1s delivered in the liquid form,
liquid flow control mechanisms are employed. The liquid 1s
then vaporized and mixed with other process gases during its
transportation 1n a manifold heated above its vaporization
point before reaching the deposition chamber.

Process gases exit chamber 500 via an outlet 522. A
vacuum pump 326 (e.g., a one or two stage mechanical dry
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pump and/or a turbomolecular pump) typically draws process
gases out and maintains a suitably low pressure within the
reactor by a close loop controlled flow restriction device, such
as a throttle valve or a pendulum valve.

In one of the embodiments a multi-station apparatus may
be used for forming a PSAB layer and a diffusion barrier. The
multi-station reactor allows one to run different processes
concurrently 1n one chamber environment, thereby increasing
the efficiency of waler processing. One example of such an
apparatus 1s depicted in FIG. 6. A schematic presentation of
top view 1s shown. An apparatus chamber 601 comprises four
stations 603-609. In general, any number of stations 1s pos-
sible within the single chamber of a multi-station apparatus.
Station 603 1s used for loading and unloading of the substrate
walers. An indexing plane 611 1s used to index waters from
station to station. A controller 613 can comprise instructions
for the processes described herein. Stations 603-609 may
have the same or different functions. For example, some of
the stations may be devoted to PSAB forming operation,
while other stations may be used for depositing the dielectric
diffusion barrier film.

In one of the embodiments, individual stations can operate
under distinct process conditions and may be substantially
1solated from each other. For example one station may oper-
ate under one temperature regime, while another may operate
under a different temperature regime. In one example, at least
2 subprocesses of the PSAB-forming process are performed
at different stations. For example, 2, 3, or 4 subprocesses may
be performed 1n different stations.

In one embodiment, pre-cleaning operation, PSAB layer
formation process and pinning are performed 1n one preferred
temperature regime and are carried out 1n one station of the
multi-station apparatus. The H, plasma post-treatment and
deposition of a dielectric diffusion barrier may require a
different temperature regime (e.g., a higher temperature), and
may be carried out 1n a different station or stations. In other
embodiments H, plasma post-treatment 1s performed under
the same temperature regime as the PSAB formation and at
the same station that performs PSAB formation. In some
embodiments PSAB layer i1s formed at one station, and the
waler 1s then indexed to a different station where pinning 1s
performed under a different temperature regime. In some
embodiments, the capping PSAB layer 1s formed at one sta-
tion, while an encapsulating PSAB layer 1s formed at a dii-
ferent station under a different temperature regime.

In some embodiments, the entire PSAB-forming process
including pre-treatment, passivation, first PSAB layer forma-
tion, pinning, and H, plasma post-treatment 1s performed in
one station of a single station or a multi-station apparatus. In
some embodiments, deposition of a dielectric diffusion bar-
rier layer may be also performed at the same station as PSAB
layer formation.

In one embodiment, station 605 may be devoted to pre-
clean and to formation of the PSAB layer. Station 605 may
operate at a temperature range of about 200-300° C., which 1s
preferred in some embodiments for both PSAB formation and
pre-clean operation. The wafer 1s then indexed to station 607,
where pinning operation 1s performed under a different tem-
perature regime, €.g., at a temperature range ol about 200-
400° C. The water 1s then 1ndexed to station 609, and next to
station 603, where deposition of a dielectric diffusion barrier
material, such as doped silicon carbide, 1s performed. Depo-
sition of dielectric diffusion barrier can be performed for
example in the temperature range ol about 350 to 400° C.,
which 1s the preferred process temperature according 1n some
s1licon carbide deposition processes.
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Formation of metal caps can also be integrated with the
PSAB process and can be performed 1n a multi station tool
shown 1n FIG. 6. For example, the substrate may be pre-
cleaned at station 605, indexed to station 607 for a PSAB
layer deposition, then indexed to station 609 for tungsten
nucleation; and finally indexed to station 603 for tungsten cap
growth.

According to one of the embodiments described above,
station 605 1s a pre-clean station and a PSAB formation
station. Station 607 serves for H, plasma post-treatment and
for deposition of dielectric diffusion barrier layer. Stations
607, 609, and 603 may all serve for deposition of dielectric
diffusion barrier layer. An indexing plate 611 1s used to lift the
substrates oil the pedestals and to accurately position the
substrates at the next processing station. After the water sub-
strate 1s loaded at station 603, 1t 1s indexed to station 605,
where formation of the pre-clean and PSAB layer formation
(including all 1ts sub-processes except for H, post-treatment)
1s performed. The water 1s then moved to station 607 where
H, plasma post-treatment and deposition of diffusion barrier
dielectric 1s performed. The substrate 1s further mndexed to
station 609, where further deposition of barrier dielectric 1s
performed, and then indexed to station 603 to deposit more of
diffusion barrier dielectric. The processed water 1s unloaded
at station 603, and the module 1s charged with a new water.
During normal operation, a separate substrate occupies each
station and each time the process 1s repeated the substrates are
moved to new stations. Thus, an apparatus having four sta-
tions 603, 605, 607, and 609 allows simultaneous processing
of four wafers, wherein at least one station performs a process
that 1s different from the processes performed at other sta-
tions. Alternatively, four walers may be subjected to 1dentical
operations at all four stations, without dedicating certain sta-
tions to deposition of a particular layer.

The process conditions and the process tlow 1tself can be
controlled by a controller unit 613 which comprises program
instructions for a monitoring, maintaining and/or adjusting
certain process variables, such as HF and LF power, gas flow
rates and times, temperature, pressure and the like. For
example, mstructions specitying flow rates of silane and ger-
mane for PSAB deposition may be included. The instructions
may specily all of the parameters to perform operations,
according to methods described above. For example, instruc-
tions may include parameters ol pre-clean, passivation,
PSAB layer formation, pinning operations, H, plasma treat-
ment, and dielectric diffusion barrier deposition The control-
ler may comprise different or identical instructions for differ-
ent apparatus stations, thus allowing the apparatus stations to
operate either independently or synchronously.

Another example of a multi-station apparatus 1s illustrated
in FI1G. 7. The multi-station apparatus 701 includes six sta-
tions 703, 705, 707, 709, 711, and 713 residing in three
separate processing chambers 717, 719, and 721, with two
stations residing 1n each chamber. A robot-contaiming cham-
ber 715 adjacent chambers 717, 719, and 721 provides
mechanism for loading and unloading the waters into the
stations. A controller 723 provides instructions for operation
ol a multi-station apparatus 701. Individual stations within
one chamber are 1solatable from each other and may carry out
identical or different operations. In one embodiment, two
walers are simultaneously transferred to stations 703 and 705
residing 1n one chamber 721 and simultaneously undergo
identical operations including pre-clean, passivation, first
PSAB layer formation and pinning. After this process 1s com-
pleted, the two walers are removed from the chamber 721,
and are simultaneously introduced to stations 707 and 709
residing 1n chamber 709. In this chamber, a diffusion barrier

10

15

20

25

30

35

40

45

50

55

60

65

26

maternal layer 1s simultaneously deposited. The walers are
then removed from chamber 719, and are introduced to sta-
tions 711 and 713 residing 1n chamber 717, where further
processing follows. In some embodiments, formation of
PSAB layer may be performed 1n a multi-chamber apparatus
with different PSAB subprocesses performed in different
chambers. In some embodiments, at least two operations of
the PSAB forming process are performed in different cham-
bers of a multi-chamber apparatus. For example, PSAB layer
can be formed in one chamber under a first temperature
regime, while pinning operation can be performed 1n a dif-
terent chamber under a different temperature regime.

There 1s a variety of ways, 1n which the PSAB forming
process can be implemented 1n multi-station tools, such as
those shown 1n FIG. 6 and FI1G. 7. In general, the described
PSAB process 1s easily integrated into the Damascene tlow,
does not require substantial resource-consuming handling of
substrates, and can be performed in the same apparatus as a
dielectric diffusion barrier deposition. Further, formation of
an encapsulating germamum-containing PSAB layer 1s par-
ticularly advantageous since such layer can improve elec-
tromigration performance of an interconnect. Several
embodiments of the described methods and devices will now
be illustrated by specific examples.

EXAMPLES

One example of a device, containing an encapsulating
PSAB layer i1s illustrated in FIG. 8. FIG. 8 provides a Sec-
ondary Ion Mass Spectroscopy (SIMS) plot of an intercon-
nect prepared according to a method described herein. The
SIMS plot presents concentrations of various components 1n
the device as a function of their position within an intercon-
nect. Position at a zero angstrom depth corresponds to the
surface of the dielectric diffusion barrier layer. Curves (a),
(b), (¢), (d), (¢) and (1), present concentrations of S1, Ta, Ge,
O, Cu, and N respectively. It can be seen that curve (c)
corresponding to germanium concentration has two peaks
corresponding to two portions of an encapsulating PSAB
layer within the interconnect. One peak at the depth of about
190 A corresponds to the “top” portion of an encapsulating
PSAB layer at the interface between copper layer and the
dielectric diffusion barrier, while the second peak at the depth
of about 950 A corresponds to the “bottom” portion of an
encapsulating layer at the interface between copper layer and
the tantalum diffusion barrier layer. It can also be seen that the
concentration of silicon at about 190 A is also high, corre-
sponding to the silicon-containing capping PSAB layer.

Adhesion of the dielectric diffusion barrier to the metal line
for such interconnect was measured using a standard adhe-
sion test and was found to be greater than about 20 J/m~.

The mterconnect illustrated in FIG. 8 was fabricated
according to the following process tlow (Example 1):

The partially fabricated semiconductor device having an
exposed pattern of copper lines in a dielectric was obtained
alter a CMP operation, and was placed into a process chamber
of a PECVD VECTOR™ apparatus. The entire PSAB-form-
ing process was performed at one station or at 2 stations of a
four-station apparatus.

The 300 mm water was pre-heated at the first station at
2775° C. and 2.3 torr for 60 seconds. N, was tlowed 1nto the
chamber at a flow rate of 5000 sccm during pre-heating.

Then, the substrate was plasma pre-cleaned at the same
station. H, was flowed at a flow rate of 4000 sccm; HF RF
plasma power of 740-870 W was used (no LF power was
applied). Pre-cleaning was performed at 4.2 torr and 275° C.
for 15 seconds.
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After pre-cleaning, the substrate was treated with SiH,
without use of plasma at the same station. SiH, was 1ntro-
duced at 120 sccm flow rate concurrently with H, introduced

at a flow rate of 4000 sccm. S1H,, treatment was performed at
2.3 torr and 2775° C. for 4 seconds.

Then the substrate was treated with GeH, at the same
station. During GeH,, treatment, GeH, was introduced at a
flow rate of 50 sccm, H, was introduced at 9000 sccm and N,
was 1ntroduced at 18000 sccm. GeH, treatment was per-
formed at 1.5 torr and 275° C. for 2 seconds.

The substrate was then subjected to a pinning operation.
Pinning was performed, in one example, at the same station as
the previous operations at a temperature of 275° C. In another
example, the substrate was transferred to a different station
for pinning, which was performed at 350° C. During pinning,
NH, was introduced at a tlow rate of 7000 sccm, an N, at a
ﬂow rate of 2800 sccm. HF and LF RF plasma power was

490-560 W and 220-250 W respectively. Pinning was per-
formed at 2.3 torr for 12 seconds.

After the PSAB layer has been deposited, the substrate was
then transterred to a difterent station and a S1,C N, ditfusion
barrier layer was deposited. During diffusion barrier deposi-
tion, tetramethylsilane was tflowed at a flow rate of about 1260
sccm, NH, was flowed at 4600 sccm, and N, was flowed at
3000 sccm. Plasma was 1gnited at using HF power set at
2'75-300 W and LF power set at 241-275 W. Deposition was

performed at 3.9 torr and 350° C.

Example 2

The 300 mm water was pre-heated at the first station at
2775° C. and 2.3 torr for 60 seconds. N, was tlowed 1nto the

chamber at a flow rate of 5000 sccm during pre-heating.

Then, the substrate was plasma pre-cleaned at the same
station. H, was flowed at a flow rate of 4000 sccm; HF RF
plasma power of 740-870 W was used (no LF power was
applied). Pre-cleaning was performed at 4.2 torr and 275° C.
for 15 seconds.

After pre-cleaning the substrate was treated with SiH,
without use of plasma at the same station. SiH, was 1ntro-
duced at 120 sccm flow rate concurrently with NH; 1ntro-

duced at a flow rate of 4000 sccm. SiH, treatment was per-
formed at 2.3 torr and 275° C. for 2 seconds.

Then the substrate was treated with GeH, at the same
station. During GeH,, treatment, GeH, was introduced at a
flow rate of 50 sccm, H,, at 9000 sccm and N, at 18000 sccm.
GeH, treatment was performed at 1.5 torr and 275° C. for 2
seconds.

The substrate was then subjected to a pinning operation.
Pinning was performed in one example, at the same station as
the previous operations at a temperature of 275° C. In another
example the substrate was transierred to a different station

for pinning, which was performed at 350° C. During pinning
NH, was introduced at a flow rate of 7000 sccm, N, was
111tr0duced at a tlow rate 01 2800 sccm. HF and LF RF plasma
power was 490-560 W and 220-250 W respectively. Pinning,

was performed at 2.3 torr for 12 seconds.

After the PSAB layer has been deposited, the substrate was
then transterred to a different station and a 51, C N diffusion

barrier layer was deposited. During diffusion barrier deposi-

tion, tetramethylsilane was flowed at a tlow rate of about 1260
sccm, NH, was flowed at 4600 sccm, and N, was flowed at

3000 sccm. Plasma was 1gnited at using HF power set at
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2'75-300 W and LF power set at 241-275 W. Deposition was
performed at 3.9 torr and 350° C.

Example 3

The 300 mm waler was pre-heated at the first station at
2'75° C. and 2.3 torr for 60 seconds. N, was flowed into the
chamber at a flow rate of 5000 sccm during pre-heating.

Then, the substrate was plasma pre-cleaned at the same
station. H, was flowed at a flow rate of 4000 sccm; HF RF
plasma power of 740-870 W was used (no LF power was
applied). Pre-cleaning was performed at 4.2 torr and 275° C.
for 15 seconds.

After pre-cleaming the substrate was treated with SiH,
without use of plasma at the same station. SiH, was intro-
duced at 120 sccm tlow rate concurrently with H, introduced
at a flow rate of 4000 sccm. S1H,, treatment was performed at
2.3 torr and 2775° C. for 4 seconds.

Then the substrate was treated with GeH, at the same
station. During GeH,, treatment, GeH, was introduced at a
flow rate of 50 sccm, and H, at 9000 sccm. GeH, treatment
was pertormed at 1.5 torr and 275° C. for 2 seconds.

The substrate was then subjected to a pinning operation.
Pinning was performed in one example, at the same station as
the previous operations at a temperature of 275° C. In another
example the substrate was transierred to a different station
for pinning, which was performed at 350° C. During pinning
NH, was itroduced at a tlow rate of 7000 sccm, an N, at a
ﬂow rate of 2800 sccm. HF and LF RF plasma power was
490-560 W and 220-250 W respectively. Pinning was per-
formed at 2.3 torr for 12 seconds.

After the PSAB layer has been deposited, the substrate was
then transterred to a ditferent station and a S1,C N, diffusion
barrier layer was deposited. During diffusion barrier deposi-
tion, tetramethylsilane was flowed at a flow rate of about 1260
sccm, NH, was flowed at 4600 sccm, and N, was flowed at
3000 sccm. Plasma was 1gnited at using HF power set at
2'75-300 W and LF power set at 241-275 W. Deposition was
performed at 3.9 torr and 350° C.

Example 4

The 300 mm water was pre-heated at the first station at
2°75° C. and 2.3 torr for 60 seconds. N, was tlowed 1nto the
chamber at a flow rate of 5000 sccm during pre-heating.

Then, the substrate was plasma pre-cleaned at the same
station. H, was flowed at a flow rate of 4000 sccm; HF RF
plasma power of 740-870 W was used (no LF power was
applied). Pre-cleaning was performed at 4.2 torr and 275° C.
for 15 seconds.

After pre-cleaning the substrate was treated with GeH,, (no
silane soak was used 1n this example). During GeH, treat-
ment, GeH, was itroduced at a flow rate of 50 sccm, and H,
was 1ntroduced at 9000 sccm. GeH,, treatment was per-
formed at 1.5 torr and 275° C. for 2 seconds.

The substrate was then subjected to a pinning operation.
Pinning was performed 1n one example, in the same station as
the previous operations at a temperature of 275° C. In another
example the substrate was transierred to a different station
for pinning, which was performed at 350° C. During pinning
NH, was introduced at a flow rate of 7000 sccm, an N, at a
ﬂow rate of 2800 sccm. HF and LF RF plasma power was

490-560 W and 220-250 W respectively. Pinning was per-
formed at 2.3 torr for 12 seconds.

After the PSAB layer has been deposited, the substrate was

then transterred to a ditferent station and a S1,C N, diffusion

barrier layer was deposited. During diffusion barrier deposi-
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tion, tetramethylsilane was tflowed at a flow rate of about 1260
sccm, NH, was flowed at 4600 sccm, and N, was flowed at
3000 sccm. Plasma was 1gnited at using HF power set at
2'75-300 W and LF power set at 241-275 W. Deposition was
performed at 3.9 torr and 350° C.

Although various details have been omitted for clarity’s
sake, various design alternatives may be implemented. There-
fore, the present examples are to be considered as 1llustrative
and not restrictive, and the invention 1s not to be limited to the
details given herein, but may be modified within the scope of
the appended claims.

What 1s claimed 1s:

1. A method of forming a layer of material at least on or
within a copper portion of a partially fabricated semiconduc-
tor device having an exposed pattern of copper lines 1n a
dielectric, the method comprising:

(a) contacting the partially fabricated semiconductor
device with a metal-containing or a boron-containing
precursor in a first chemical vapor deposition (CVD)
process station to deposit a layer of metal or boron at
least on or within the copper portion of the partially
fabricated semiconductor device;

(b) treating the partially fabricated semiconductor device
formed after (a) with a pinning reagent selected from the
group consisting of NH,, N,, a gas from the family of
methyl-substituted amines, a hydrocarbon, and H,, in a
plasma, wherein the treating modifies the layer of metal
or boron deposited 1n (a);

(c) depositing a layer of dielectric material onto an exposed
surface of the partially fabricated semiconductor device
obtained after (b), 1n a second chemical vapor deposition
process station, wherein the first chemical vapor depo-
sition process station and the second chemical vapor
deposition process stations reside within one CVD pro-
cess tool.

2. The method of claim 1, wherein the metal-contaiming,
precursor comprises a material selected from the group con-
s1sting of a metal hydride, metal halide, and an organometal-
lic compound.

3. The method of claim 2, wherein the metal-containing,
precursor comprises an organometallic compound.

4. The method of claim 3, wherein the organometallic
compound 1s selected from the group consisting of an alkyl-
containing organometallic compound, a carbonyl-containing
organometallic compound, and a cyclopentadienyl-contain-
ing organometallic compound.
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5. The method of claim 4, wherein the organometallic
compound 1s selected from the group consisting of tetrakis-
dimethylaminotitanium, a cyclopentadienyl-substituted
molybdenum compound, a nickel tetracarbonyl, and an 1ron
pentacarbonyl.

6. The method of claim 1, wherein the metal of the depos-
ited metal layer 1s capable of forming an alloy with copper.

7. The method of claim 6, wherein the metal 1s selected
from the group consisting of titanium, molybdenum, nickel,
and 1ron.

8. The method of claim 1, wherein (a) comprises contacting,
the partially fabricated semiconductor device with a boron-
containing precursor.

9. The method of claim 1, wherein the boron-containing,
precursor comprises diborane.

10. The method of claim 1, wherein (a) 1s performed with-
out forming a plasma.

11. The method of claim 1, wherein treating the partially
fabricated semiconductor device formed after (a) but prior to
(c) with a pinning reagent, 1s performed 1n the same station of
CVD apparatus as operation (a).

12. The method of claim 1, wherein treating the partially
tabricated semiconductor device formed after (a) but prior to
(c) with a pinning reagent, 1s performed 1n a different station
of the CVD apparatus than the station where operation (a) 1s
performed.

13. The method of claim 1, wherein the layer of dielectric
maternial deposited 1 (b) 1s a layer of dielectric diffusion
barrier material.

14. The method of claim 1, wherein the layer of dielectric
material comprises silicon carbide or silicon nitride, wherein
silicon carbide 1s doped or undoped, and wherein silicon
nitride 1s doped or undoped.

15. The method of claim 14, wherein the layer of dielectric
material comprises S1,C N._.

16. The method of claim 1, wherein the layer of metal or
boron has a thickness of about 10-10,000 A.

17. The method of claim 1, wherein the layer of metal or
boron has a thickness of about 10-100 A.

18. The method of claim 1, wherein the layer of metal or
boron has a thickness of about 10-60 A.

19. The method of claim 1, wherein the first CVD station
and the second CVD station reside 1n one chamber of a
plasma-enhanced chemical vapor deposition (PECVD) tool.
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